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ABSTRACT 
An investigation has been carried out into the rheology of 
chocolate in relation to its flow and mixing features in a real 
industrial environment. The chocolate manufacturing plant of 
Rowntree at York provided a base for this study. 
The project aims were: 
a) to measure the viscous and time dependent properties of 
chocolate. 
b) to explain the observed flow properties in relation to the 
constituents of chocolate. 
c) to determine the shear rate which, for a given recipe, 
yields a minimum stable viscosity (of particular commercial 
value). 
d) to assess the type of mixer able to provide this duty. 
The experimental work involved rheological studies with concentric 
cylinder and tubular viscometers, operated to measure viscosity as 
a function of shear rate and shearing time. 
The chocolate samples studied were taken from various points in the 
manufacture process at Rowntree, York. Model chocolate systems were 
made from cocoa liquor, and sugar with cocoa butter, which were 
studied to underpin the basic mechanisms of the flow properties of 
the total chocolate. 
Shear thinning in milk chocolate has been shown to be accounted for 
by surface coating and fat release from the cocoa cellular 
material. 
Analysis of the sugar and cocoa butter system gave large hysteresis 
loops which may be explained as due to agglomeration of the sugar 
particles. The level of hysteresis was found to be related to the 
polarity of the liquid phase, such that a more polar fluid results 
in less hysteresis. 
Laboratory experiments have revealed that the level of work input 
to give permanent viscosity reduction for milk chocolate is 
dependent on the measuring shear rate. The level of opti4mm shear 
input for the measuring range 10 to 130 sec 
1 is 645 sec for 30 
minutes. The apparent viscosity measured at lower shear rates 
requires much longer (='100 minutes). 
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Following the laboratory results, production machinery was 
investigated to provide the required duty. The two main types of 
chocolate manufacture, preconched material and blending of powders 
and fats, were found to require different machinery. The preconched 
material achieved improved flow properties after passing through a 
continuous high shear machine. Processing powders and fats required 
an initial blending stage, which when followed by a high shear 
continuous machine, produced a reduction in the processing time 
and/or the viscosity. 
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CHAPTER 1. 
INTRODUCTION 
1.1 'Historical"Background- 
The Aztecs' of Mexico who cultivated cocoa trees and used cocoa 
beans for currency were probably the first to make "Chocolatl", a 
spiced drink'. The cocoa beans were-roasted in earthenware pots, and 
ground between stones. The mixture was added to cold water, with 
flavours "such as spices and honey, and then whipped to form a 
frothy drink (1'2). Columbus first brought cocoa beans to Europe as 
a'curiosity. `'-They were' later commercially exploited by his fellow 
countryman Don Cortes who Sent--cocoa beans and recipes for 
preparing chocolate back to Spain (2,3). The Spaniards preferred 
their drink sweetened, and in-this form its-popularity spread to 
Central'and Northern Europe. In 1664 it was mentioned=in Pepy's 
diary. 
A solid mixture of ground cocoa beans and sugar, would give a very 
hard unpleasant substance. To increase its melting ability extra 
fat is required. The ability to extract fat by pressing cocoa beans 
was developed in 1828 by Van Houten of Holland. The expressed fat 
was used in the manufacture of solid chocolate bars (plain 
chocolate), whilst the remaining cocoa powder was still 
incorporated into a drink (usually preferred since it was less 
(2) 
rich). During the 1940's Fry began to produce plain chocolate 
0 
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bars (3). The solid form of milk chocolate was developed in 1876 by 
Daniel Peters of Vevey, Geneva. In Switzerland economic water 
powered machines were able to drive the extra water (introduced via 
the milk) from the chocolate, and produce acceptable texture and 
keeping qualities. Following this Cadbury, Hershey, Nestle, 
Rowntree and Suchard all introduced products during the early 
1900's. Many different flavours of plain and milk chocolate have 
been developed, either as "in house" flavours e. g. Cadbury Dairy 
Milk. Plain chocolate is often used to counteract a sweet centre 
and vice versa. 
The form in which milk is incorporated into milk chocolate causes a 
difference in flavour. Milk powder is used predominately by 
Europe, whereas milk crumb (a dehydrated mix of milk, sugar and 
ground cocoa cotyledons) is used by UK and parts of America. The 
crumb has very good keeping properties due to the natural 
antioxidant properties of cocoa. It was developed to combat 
seasonality in milk production. 
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1.2 Chocolate Manufacture 
The manufacture of chocolate is designed to obtain, °ý-the-specific 
flavour and texture regimes required by the consumer, at the same 
time giving an economical-return for the producer, and conforming 
to the legal requirements. The most important restraint on the 
chocolate industry is the EEC directive No L228/30 
(4). It-legally 
describes cocoa'and chocolate products sold in the EEC, and defines 
the ingredient limits. 
Most'manufacturers have'theirown specific- process, -but all are 
based on the similar needs to rid the, raw cocoa beans of 
objectionable flavours whilst enhancing the desired ones, to obtain 
a product that is, -neither'gritty "nor too fine, and to ensure the 
product melts rapidly at 37°C, (body temperature), whenconsumed, but 
is solid at room temperature. 
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1.2.1 Process outline ° 
Chocolate manufacture is carried out in several stages, see Figure 
1.3. The cocoa bean preparation usually takes place at the site of 
origin. 'The cocoa trees produce pods which contain cocoa beans°and 
pulp. The pods are split open and the contents, -are fermented, which 
enables the formation of- chemical 'precursors for the final 
chocolate flavour. The beans are then dried to prevent mould 
formation. Mistakes at either of these =two stages cannot be 
rectified later and will give the product an inferior and often 
unpleasant flavour. -The beans must then be transported to the 
chocolate manufacturer, in a dry mould free environment. 
The beans are cleaned, and then roasted to develop the bean flavour 
and toý facilitate shell removal. Shell particles are removed by 
breaking the beans and winnowing to separate the central cotyledon 
known as cocoa°nib. Presence of shell impairs the chocolate flavour 
and wears the grinding machine, as it is harder than steel(2). 
Legal restrictions are also placed on-shell contents in chocolate. 
The cocoa`nibs, are then-roughly, ground in a hammer mill or disc 
mill and then finely ground in a roll, disc, or ball mill to 
produce cocoa liquor (or mass)(2). This -is simply a suspension of 
cocoa cell particles in released cocoa butter. Cocoa butter may be 
expressed from the cocoa liquor atthis stage; for use in 
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subsequent manufacturing stages. The resultant dry cocoa powder can 
be used for drinking chocolate, baking, e. t. c.. 
The cocoa liquor is mixed with-milled or. granulated sugar and milk 
powder or crumb (if milk chocolate is'being-produced) according to 
the manufacturers specific recipe. Extra cocoa butter is also 
required to produce a flowing mass. A Melangeur- pan, a rotating 
granite bed with rollers and scrapers ( Figure -1.1 ), is 
traditionally used incorporating grinding with the mixing process. 
At this stage the majority of the ingredients are present in a 
flowing state, however the viscosity is too high, particles are too 
coarse and the- flavour undesirable, this material is termed 
'masse'. 
The size of the particles within the masse must be reduced to 
approximately 30 microns (see section 2.3.3) to ensure a non gritty 
product. Most manufacturers use 5 roll refiners(2) ( -Figure1.2 ),. 
which produce a, powder or thick paste, due to the uncoated particle 
surfaces formed. This must be liquefied to give a finished 
chocolate with the correct flow properties for subsequent pumping, 
enrobing or moulding. -The} liquefying ensures 'no-wastage, and-is 
normally carried out ina conche. 
To rid the masse of acidic and astringent off flavours it is 
agitated sometimes at elevated temperatures for up to 4 days in 
conches. Undesirable volatile flavours are removed and desirable 
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flavours are developed during this period ( via the Maillard 
reaction, when heated ) and the flow properties are improved 
further by fully coating any new surfaces produced during the 
previous processing. The conching time varies according to the type 
of machine used, and the flavour and flow properties required. 
Due to the specific flavour and viscosity requirements of Rowntree 
(Sponsor of this research work), an alternative processing 
procedure has been developed. In this the grinding or refining is 
only partially completed prior to the conche. The final size 
reduction takes place after all the flavour changes have occurred. 
The rather coarse final chocolate is passed up a refiner to produce 
a maximum particle size of less than 30 microns. The thick paste 
produced, once again needs liquefying by work input. 
At the Rowntree York factory a machine, known as a liquefier, was 
designed in conjunction with the Chemical Engineering Department at 
Bradford University, for the purpose of work input. 
Manufacturers monitor the rheological properties of the chocolate 
during processing to ensure a product of acceptable quality, see 
sections 1.2.1. and I. 3. 
Figure 1.1: Melangeur Pan 
8 
Figure 1.2: Five Roll Refiner 
Q 
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Figure 1.3: General schematic diagram of Chocolate Manufacturing 
process. 
Cocoa Bean Preparation 
Fermentation Drying I Transport 
1 
Cocoa Liquor Manufacture 
Clean I Roast Remove Shell I Grind 
PRESS MIX 
with sugar and fat 
with or without milk 
powder or crumb 
COCOA I GRIND 
I 
Cocoa Powder 
BUTTER 
Agitate (Conche) 
add Cocoa butter 
1ý 
('for drinking chocolate, 
baking chocolate, etc.. ) 
REFINE II Rowntree 
process 
LIQUEFY I only 
STORE 
.ý1 MOULDING ý ENROBING 
(KitKat) (Boxed selections) 
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1.2.2 The Importance of Rheological Data 
A-knowledge of the flow properties of chocolate is essential for 
its manufacture and usage. The development of highly automated 
sweet- making machines demand highly reproducible physical 
properties. A chocolate which does not have the correct rheological 
characteristics will not -mould or enrobe (coating of a sweet 
centre) correctly, producing overweight sweets or waste. 
There is no direct path, as yet, between the physical or chemical 
properties of a suspension and the prediction of its flow 
properties in complicated geometries or force, fields 
(5). Major 
research efforts(6'7 are-made in this direction but the problem is 
not resolved, particularly with real suspensions which have complex 
characteristics. I 
T- 
Rheological data, which describes the flow of the material in 
simple controlled shear rate or shear stress situations, must be 
used as a best approximation to. solving-the problem. 
:y 
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1.3' Scope and Reasons for Research 
For economic reasons (discussed below) manufacturers strive to 
reduce the cocoa butter content of chocolate to 18%, the legal 
minimum The current level of cocoa butter 
present depends on the type of, chocolate, however the chocolate 
used - during this research had approximately 23%. However 
currently, the pumping, enrobing, moulding and decorating 
operations require a, lower level of chocolate viscosity than this 
cocoa butter content would produce. one method of viscosity 
reduction is via work input (see section 2.3.6): The final 
chocolate produced must be stable, neither thickening nor thinning 
during usage. The minimum stable viscosity for a given chocolate 
recipe can only be attained by using the optimum amount of work 
input, and 'this'may only be established through viscometric 
analysis. -- 
Most commercial chocolates, however, do not reach their minimum 
viscosity, since during processing they are not sheared at a 
sufficiently high-rate: However there is also evidence that for 
plain chocolate, too high a shear rate will cause a thickening up 
(effect8'9ý 
: 
The aim of the project is to determine: the reason why shearing 
chocolate reduces its viscosity; the shear rate required to give 
the minimum achievable stable viscosity, for a given set of 
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ingredients (fat content, moisture content, surface active agent, 
etc) and particle size; the type of machine able to provide this 
duty, and its role' in the process ofý chocolate manufacture, 
ensuring scale up problems are solved. 
Such a reduction in viscosity, if achieved economically, may be 
countered by a reduction of fat in the original recipe, to maintain 
the chocolate viscosity reaching the user operations consistent. 
Since cocoa butter was, at the onset of this project, the most 
expensive edible fat 
(5) 
and still usually remains the most 
expensive major ingredient in chocolate, the potential saving is 
great. 
The optimisation of shear rate will also reduce the time required 
at the conching and liquefying stages (see section 1.2.1) thereby 
producing energy, capital, and labour savings. 
The viscometric properties of chocolate are also essential for 
general flow calculations (flow in pipes, pumps, enrobers, etc). 
For example, knowledge and control of the viscosity at high shear 
rates are important for calculating and controlling pumping 
characteristics, whereas those at low shear rates are important for 
the processes of enrobing and moulding. 
From the Literature Survey, it is evident that the optimum shear 
rate for chocolate viscosity reduction has not been found, and many 
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questions about its flow properties under shear, remain unanswered. 
The objectives of this study are to answer these questions and 
provide a recommendation as to how this knowledge of shear thinning 
may be utilised in the manufacture of chocolate. 
To 'investigate the causes of shear thinning in chocolate, a 
simplification was made such that its constituent ingredients were 
investigated, ' namely cocoa liquor and sugar with cocoa butter, 
under shear regimes. 
Following the results of the laboratory work, process machinery was 
investigated as to its suitability both in achieving the correct 
shear regime and handling the production tonnages within the 
desired time. 
Experiments have been performed to explain specific occurrences, 
and' although the results interact, these have been discussed 
separately, to present a clearer picture of chocolate flow 
behaviour. 
rý -- 
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-1-- % 
RHEOLOGY OF MILK CHOCOLATE. 
Milk chocolate is a suspension of cocoa solids, sugar and milk 
solids in a continuous fat phase, which is liquid above 35°C. A 
typical milk chocolate composition is shown in Table 2.1. The 
majority of the fat phase is cocoa butter, which when liquid is a 
Newtonian fluid of viscosity in the range 0.02 to 0.05 Pa. s. 
However, the solid particles, usually in the concentration range 
65 to 70%, cause molten chocolate to behave in a non-Newtonian 
manner. This property is typical of most suspensions of fine 
particles (< 50um). 
Table 2.1: Typical milk chocolate composition. 
SUGAR 44% 
MILK 25.6% (30% MILK FAT, 70% MILK SOLIDS) 
COCOA LIQUOR 14% (55% COCOA BUTTER, 45% COCOA SOLIDS) 
COCOA BUTTER 15% 
LECITHIN 0.5% 
OTHERS 0.9% ( WATER AND VANILLIN) 
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2.1 Classification of Rheological Behaviour 
Fluids may be classified according to their rheological behaviour 
and can be divided into two categories i. e Newtonian and Non- 
Newtonian. Newtonian fluids are so called because they behave 
according to Newtons law of fluid flow, where at a constant 
temperature and pressure, the applied shear stress, T,: is 
proportional to the rate of shear, such that 
TNY 2.1 
where p is the viscosity, a constant independent of shear rate, Y. 
In practice this category of fluids (pure fluids or suspensions 
with low solids concentration) is less common than Non-Newtonian 
fluids, where an apparent viscosity, , u4 is defined and maybe a 
function of shear stress ( or shear rate ) and shearing time. In 
all cases temperature can affect the viscosity more dramatically 
than either shearing rate or time, thus 
°T /Y a f(yI t, T) 2.2 
Theoretical predictions of the apparent viscosity function from the 
knowledge of the individual properties of the liquid and solid 
phases of chocolate are not possible. Chocolate exhibits a whole 
range of rheological behaviour which must be established 
experimentally using suitable apparatus and data processing 
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techniques. In operations such as the manufacture of chocolate 
where the variation of temperature is important, rheological data 
must be collected over an appropriate range of temperature. In 
broad terms, three fundamental types of behaviour may prevail and 
these follow from the consideration just presented. 
2.1.1 Time Independent Purely Viscous Fluids. 
The suspension responds instantaneously to imposed changes in shear 
rate; that is at any temperature the apparent viscosity is a 
function of shear rate only. The flow curves follow various modes 
of relationship with shear rate as illustrated in Figure 2.1, which 
are compared to Newtonian characteristics, exhibited only by pure 
fluids or low solid concentration suspensions. 
a) Bingham (Plastic) Fluids. 
Bingham fluids only differ from Newtonian fluids in that their 
linear relationship between shear stress and shear rate does not 
pass through the origin; that is a finite stress (yield stress) is 
required to initiate flow. The existence of the yield stress is 
currently in question 
(8). 
The yield stress is difficult to measure 
and is usually inferred from low shear rate measurements 
(extrapolated to zero shear rate). It can be explained in terms of 
a structure breaking prior to flow. 
17 
A characteristic Bingham flow curve is shown in Figure 2.1. Typical 
Bingham fluids are sewage sludge, and water dispersions of rock or 
grains. 
b) Pseudoplastic (Shear thinning) Fluids. 
Pseudoplastic or shear thinning materials are the largest group of 
Non-Newtonian fluids, where increased shear induces progressive 
(rapid or slow) breaking of structure and sliding of particles. 
A characteristic Pseudoplastic flow curve of shear stress 
decreasing with shear rate is shown in Figure 2.1. Typical fluids 
in this class are polymeric solutions or melts and suspensions of 
paper pulp or pigments. 
Pseudoplastic behaviour is often preceded and followed by Newtonian 
plateaux where the structures are so compact and so loose 
respectively, that low shear and high shear respectively, does not 
appreciatively affect their resistance to flow. 
c) Shear Thickening Fluids. 
Shear thickening materials are rheologically opposite to 
Pseudoplastic materials, where shear induces a structure build up. 
Various explanations prevail for this observed feature. One, 
according to Reynolds, is that dilatant suspensions have at rest a 
18 
closely packed structure which loosens and expands when sheared. 
If the void between the particles cannot be filled with liquid the 
viscosity increases, as is often observed with deflocculated clay 
suspensions. It may also be that increased shearing squeezes out 
liquid trapped between particles. 
A characteristic flow curve of a shear thickening fluid is shown in 
Figure 2.1, with the shear stress increasing with shear rate. 
Typical fluids in this class are clay suspensions in water, quick 
sand-and beach sand. 
Often Non-Newtonian purely viscous fluids exhibit a whole range of 
behaviours, possibly combining all the above features over an 
extended range of shear rate, as described in Figure 3.1. That is 
they may initially require a yield stress before flow commences, 
then remaining Newtonian over low shear rates, at medium shear 
rates a viscosity reduction may be seen followed by a second 
l° 
. 
(Newtonian flow range, and a shear thickening range 
19 
Figure 2.1: Diagram of Flow Curves, 
(11) 
SHEAR STRESS 
SHEAR RATE 
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2.1.2 Time Dependent Purely Viscous Fluids. 
This class of fluids behaves such that at fixed shear rates, the 
shear stress changes with duration of shear, and a recovery may be 
seen when the stress is removed. If no recovery is seen the fluid 
will have suffered shear breakdown or rheodestruction. 
Time dependent purely viscous fluids may be sub-divided into two 
types: Thixotropic and Antithixotropic. 
For Thixotropic fluids the shear stress decreases with time of 
applied constant shear rate. A characteristic flow pattern of this 
type of fluids is shown in Figure 2.2. Typical Thixotropic fluids 
are mayonnaise, drilling muds, paints, and inks. 
Conversely to Thixotropic fluids, Antithixotropic fluids will 
increase in apparent viscosity with rhythmic tapping or shaking. 
Fluids in this class are rarely seen, but examples are bentonite 
sols, and gypsum suspensions in water. 
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Figure 2.2: Flow curve for Thixotropic fluids. 
(11) 
SHEAR STRESS 
D 
D' 
D" 
SHEAR RATE 
The area DAD' is an indication of the level of thixotropy exhibited 
by the fluid. If the shear rate is held constant after A has been 
reached on the up curve, the shear stress will decrease along AB 
until C is reached, beyond which no further breakdown of structure 
may be obtained. If the shear rate is then decreased, the flow 
curve CD 11 is followed. Any number of intermediate flow curves such 
as Bp'are possible. Points D, D', and D" may coincide. 
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2.1.3 Viscoelastic Fluids. 
Viscoelastic fluids will exhibit elastic recovery from deformations 
which occur during flow. The main type of visccelastic fluids are 
Polymeric fluids where normal stresses ( those perpendicular to 
flow ) along with tangential stresses are built up. The Weissenburg 
effect is an example of normal stresses becoming large, where the 
material climbs up a shaft or rod which is rotating in the fluid. 
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2.2 Measuring Methods 
As mentioned earlier the determination of the apparent viscosity of 
a suspension must be. carried out experimentally. Suitable flow 
geometries must be found which make the calculations of both the 
shear stress, T, and shear rate, i, possible from first 
principles. 
A controlled shear rate, a controlled shear stress, or a tube flow 
viscometer are the most common methods of characterising Non- 
Newtonian purely viscous fluids. 
The controlled shear stress or shear rate viscometers are rotating 
cylinders, cones or plates. These have two main advantages over 
tube flow viscometers since the sample may be subjected to shear 
over an extended period of time, and the shear rate throughout the 
sample can be designed to be approximately uniform, whereas in tube 
viscometers the shear rate varies from zero at the wall to a 
maximum at the axis. However tube viscometers usually reach higher 
shear rates than rotating viscometers, they are simpler and hence 
cheaper machines, and their reproducibility is usually greater as 
temperature is controlled easily with a tube viscometer, thus any 
heat generation would be removed rapidly(13). 
When measuring the viscosity profile of chocolate the sample must 
be kept above 35°C to stop the fat solidifying, and therefore 
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2.2 Measuring Methods 
As mentioned earlier the determination of the apparent viscosity of 
a suspension must. be. carried out experimentally. Suitable flow 
geometries must be found which make the calculations of both the 
shear stress, -r , and shear rate, possible from first 
principles. 
A controlled shear rate, a controlled shear stress, or a tube flow 
viscometer are the most common methods of characterising Non- 
Newtonian purely viscous fluids. 
The controlled shear stress or shear rate viscometers are rotating 
cylinders, cones or plates. These have two main advantages over 
tube flow viscometers since the sample may be subjected to shear 
over an extended period of time, and the shear rate throughout the 
sample can be designed to be approximately uniform, whereas in tube 
viscometers the shear rate varies from zero at the wall to a 
maximum at the axis. However tube viscometers usually reach higher 
shear rates than rotating viscometers, they are simpler and hence 
cheaper machines, and their reproducibility is usually greater as 
temperature is controlled easily with a tube viscometer, thus any 
heat generation would be removed rapidly(13). 
When measuring the viscosity profile of chocolate the sample must 
be kept above 35°C to stop the fat solidifying, and therefore 
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reducing the fat phase. At low temperatures the fat phase adopts 
one of a number of crystalline structures, known as polymorphism. 
If settling occurs or separation of solid and liquid phases due to 
centrifugation during experiments, the number, type, and size of 
particles will vary, making viscosity measurements unreliable and 
unreproducible. This is a serious limitation to experimental 
rheology of suspensions. 
The International Office of Cocoa and Chocolate (Z©CC)(12), 
currently called the IOCCC (International Office of Cocoa, 
Chocolate and Confectionery), recommends a method for determining 
the viscosity of chocolate. This states that measurements should be 
made at 40°C, after having melted the chocolate at 60°C for 1 hour, 
in order to give a safe margin to melt the fat crystals present. If 
too great a temperature is used (higher than 85°C), thickening 
occurs probably due to the milk proteins coagulating. 
Care must be taken to ensure identical conditions are used for each 
rheogram measured. Variations in temperature, pre-shearing time, 
pre-shearing rate, rheogram shear rates and rheogram shear period 
all affect the analysis results. 
2.2.1 Concentric Cylinder Viscometry 
This type of viscometer is the most widely used, having been 
19th ý developed in the late 19 century14) . The material is held 
in the 
small gap between two concentric cylinders, with one rotating at a 
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constant angular velocity and the other remaining stationary. The 
most common commercial types are the Contraves, Haake, and 
Brookfield. A schematic diagram of the Contraves is shown in Figure 
2.3, and the measuring system is shown in Figure 2.4. 
The shear stress experienced by the fluid is easily calculated from 
the torque and machine dimensions, after allowing for end effects. 
The fluid below the inner cylinder exerts a torque on it, which may 
be calculated by measuring the torque, at a given rotation, whilst 
filling the annulus. The torque exerted on the cylinder is less at 
a lower level, since the maximum velocity gradient is no longer 
radially outward. The slope of torque versus immersion height gives 
the torque per unit cylinder length, and the intercept on the 
torque axis gives the torque on the lower cylinder end. However for 
time dependent fluids or fluids which do not have a clearly 
defined meniscus this method is impractical. Several modifications 
to the cylinder design have been proposed to reduce or eliminate 
end effects. For viscous fluids the most practical incorporate the 
use of an air bubble or a conical end. An air bubble may be trapped 
beneath the rotating cylinder by incorporating a lip on the lower 
edge of the cylinder(13). The drawbacks of this design are that the 
air bubble size is uncertain, air may escape , and the lower 
lip is 
still in contact with the fluid. The incorporation of a conical end 
to the cylinder enables the approximate calculation of the torque 
on the end section, by the use of the equations for torque with a 
cone and plate viscometer. 
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Figure 2.3: Comparison of the Haake and Contraves measuring 
systems. 
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Figure 2.4: Contraves measuring system. 
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Appendix 1 gives a comparison of commercial viscometers and 
outlines their suitability for this project which is chiefly 
investigating high shear regimes. Following this study a Contraves 
Rheomat 115 was purchased. The reproducibility of this viscometer 
is shown in Appendix 2. 
Due to the difference in radii of the cylinders the shear stress 
and shear rate are not constant throughout the gap, but this is 
overcome by using narrow gap geometries. With reference to figure 
2.3, the flow equation in the gap is(13,14,16,17,18,19,20,21,22) 
du 
-- af (2') dy 
i. e. The shear rate is a function of shear stress. 
The rate- of shear at a distance r, from the axis, where the fluid 
rotates with angular velocity w may be expressed by :- 
r dw 
dr 
dw 
2.3 
dlnr 
and the shear stress by :- 
T 
2- 
2n r2 L 
2.4 
where L is the cylinder length, 
In ?= In [ T/(2rtL) ]- 21n r 
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under steady'flow' T is constant 
=> d1n 4 
-2 
dlnr 
combining 2.3"and 2.5 
dw dlnr 
f (2ý sx 
dlnr d1nn 
At the wall of the cup : 
At the bob surface : 
dw 
-2 
d1n2 
w-0 
2 ^f 2 
ww 
Integrating 2.6 between these limits : - 
2W 
1 
--f (') d1n2 a dw 
2 
0 
2 
1 fGz) 
W -- dF 
2 
S 22 
2.5 
d1ni*l: 
x 
dlnr 
2.6 
2.7 
Differentiate with respect to Z1 : - 
dW 1 
dr 
- 
22( 
f(ý1) - f(ý2)) 2.8 
11 
The shear rate , fc2), may be found by obtaining a solution to 
the 
difference equation 2.8 . 
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Let 9(25)' be defined as :- 
dW 
g (ý1) 2 
dlný1 
incorporating this with equation 2.8 
g(21) - f(2ý1) - f(s-22'1) 
g(s 1) - f(s1) - f(s42) 
... etc 
since s>1 
and f(0) -0 
cc 
.. 
9 (s 
2nZ.. ) af (ý. 1) 
2.9 
n=0 
Thisis'a slowly convergent sum and can be evaluated using the 
Euler-MacLaurin formula : - 
mm 
f(n) f(x) dx +- f(0) + f(m)] 
2 
n=0 0 
r 
8 (2k-1) (2k-1) 
+ 
2k (f (m) -f (0) 1 
(2k)! 
k-1 
M-1 i+l 
(2r+1) 
+ 
ZP 
(x-i) f (x) dx 
(2r+i) 
i-0 i 
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Applying this formula to the summation in equation 2.8 
in 
Co 
9(s 
2n2-1) 
g(s 
2x dx +g (ý1) + g(0) ] 
2 
n=0 0 
1 dg (s 2n2. 
+- 
2 do 
Co Co 
1 d3g(s 2n1 
720 dn3 
ia0 0 
Solving equation 2.10 term by term :- 
solution of term 1 
Let y=s 
2' 
_> lny a -2xlns +ln21 
Differentiate with respect to y 
1 dx 
-_ -2 lns 
y dy 
e ... dy 
dx -- 
2ylns 
2.10 
2.11 
2.12 
32 
using equation 2.12 
0 
_1 
g(y) 
a> g(s 2'1) d dy 
2 lns y 
0 21 
0 
1 
- g(y) dlny 
2 lns 
0 
1 
-2 dW 
2 lns 
'2ý1 
w 
In s 
Since from' the definition-of g-(*'1) it can be said generally that : - 
dW 
g(y) =2 
diny 
solution of term 2 in equation 2.10 
2dW' 
g(s 
ýnl) 
2 dln(s_'1) 
dg(s1) dg(s2n2'1) d(s2) 
ax 
do d(s 2nr1) do 
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dg( s 2n2-1) ° -2 d2W` dW d( 2(s 
2n21)l 
2(s 
d1 d(S2n2,1)2 d(S-2nZ. 1) d(s2n2.1) 
y) J x[ -2 ins (, -2n 
-4 ins (s-2n 
2 d2W 2" 
1) d(s 2nZj)2 
d2W 
-4 ins 
d(ln(s 2"rj)J 
Similarly the solution to term 3 may be found to be 
3 2n d4W -d g(s7 
-16 (ins) 
3 
dn3 . d(ln(s 
2'1)4 
Since go1) and its-derivatives are zero when 
'1-0,, then equation 
2.10 whichAs, the expression for the rate of shear becomes : - 
2.13 
W d1nW - (lns) 
2 d2y, 1 (ins) 
4 d4W 
f(2ý1) 1+ins +2- --- 4 
Ins dln2j 3W d(lný) 45W d(lnQj ) 
The bracketed term of equation 2.13 is a power series in (ins). 
Most modern concentric cylinder viscometers are constructed with a 
narrow gap between the cup and bob such that (lns) < 0.2 . This 
implies that the terms with high powers of (lns) are negligible. 
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For Newtonian fluids the term dlnW is unity, 
d1n21 111 1. - 
so the shear rate (equation 2.13) becomes 
w, 
f (xl) _ (1 + ins ] 
ins ,,. 
2.14 
When performing viscometric studies, values of torque and angular 
velocity are usually obtained. The shear stress, ý1, may be 
calculated from the measuring system dimensions, as given in 
equation-2.4. 
By constructing a plot of"lnW vs lnZ1, the value of, m - dlnW/d1z21, 
may be--found. -If the plot is linear this term will be constant, 
reducing equation 2.13 to the first two terms' If the plot is 
curved, differentiation of points along the curve lnW versus lnZ 
isýnecessary. This-may be carried out using graphical or analytical 
differentiation. 
For`(mins) < 0.2 , the third and higher terms of equation 
2.13-may 
be neglected. 
For, 0.1< (mins) < 1-, the third term in equation 2.13 is required 
to keep the accuracy within 1% . This term may be found from a plot 
of m vs 1rij1. 
For the rare case of m>1, the fourth term in equation 2.13 is 
required(17). 
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Despite the need for these complex mathematics to calculate the 
shear rate for non-Newtonian fluids, the equation is frequently 
approximated to equation 2.14(14,15), that for Newtonian fluids, 
and most viscometer software(23'24) are also designed to treat all 
fluids as Newtonian. Often operators are unaware of this problem 
leading to confusion- in data reporting, and innaccurate apparent 
viscosity values. - 
Cheng(25) has defined the use of Non-Newtonian and Newtonian shear 
rate calculations, -such that.,, the Newtonian shear rate calculation 
is used, -for-non-Newtonian-fluids-only if the apparent viscosity is 
being described. If the corrections for non Newtonian fluids are 
made then the absolute viscosity is found. 
The official bodies which set the standards for the measurement of 
chocolate viscosity are- the International Office of Cocoa and 
Chocolate (IOCC)(12), currently called the IOCCC (International 
Office of -Cocoa, Chocolate., and Confectionery), the NCA (National 
Confectioners Association), 
. and , 
the CMA (Chocolate Manufacturers 
Association). -In separateireports(12'26'2; 
7), 
- these bodies use the 
Newtonian shear rate calculation when dealing with chocolate. 
(2) Consequently manufacturers tend to-follow these guide lines . 
A study, shown in Appendix 3,., into the appropriate method of shear 
rate calculation for chocolate was undertaken, which revealed that 
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the maximum error obtained when using the Newtonian form (equation 
2.14) -instead of the Non-Newtonian form (equation 2.13) was 1 %, 
Macsporran confirms this(28). 
The Newtonian shear rate is easily calculated and- the software of 
commercial viscometers automatically calculates it. It is possible, 
from this data that the Non-Newtonian shear rate may be found. 
However this "requires considerable cooperation -from the 
manufacturers to adapt the software, due to programme copyrighting. 
Alternatively a simple computer programme with laborious data 
input, ör lengthy hand calculations may be used to solve equation 
2.13. In this study both approaches were used. 
2.2.2 Cone and Plate Viscometry 
Theoretically the cone and plate geometry is the ideal arrangement. 
If the cone angle is small, typically 40, the shear rate across the 
conical gap may be considered constant, such that: 
angular velocity / cone angle 2.15 
which holds for all fluid types, as it independent of shear stress. 
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The shear- stress is' also, a simple relationship between torque and 
cone geometry, such that: 
-r - 3T /2n R3 2.16 
where 
_R = 
radius of the plate, 
or T sin O' 
where 6-is the cone angle. 
A diagram of a cone and plate viscometer is shown in Figure 2.5. 
A major disadvantage of this' type of geometry is found when using 
highly particulate fluids. The maximum particle size must be a 
tenth of the distance between the cone point and the plate, to 
prevent agglomeration of the particles in that region thus giving 
anomalous readings. This is a particular problem with most 
chocolates. 
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Figure 2.5: Cone and Plate Geometry. 
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2.2.3 Tube Flow Viscometrv 
Tube flow viscometry is based on the relationship between the 
pressure drop, ,6P, and flow rate for a fluid through a particular 
tube, Q, to calculate the viscosity. The flow may be gravitational, 
in which case a U-tube viscometer is used, however this type has 
limitations since as the fluid level drops the flow rate falls ýa 
piston may be. - used ý to maintain flow rate. Tube flow has 
disadvantages in that the stress is not uniform across the tube 
cross section, and non-linearity occurs at the inlet and 
outlet(29). At the inlet the fluid requires a distance, the 
entrance length, in which the equilibrium velocity is established. 
At the outlet-turbulence may occur from part of the work done by 
the driving pressure being converted to kinetic energy in the 
fluid. These end effects may be overcome by investigating two tubes 
identical in everything but length, and using length to diameter 
ratios of greater than 50. 
Values of shear stress (equation 2.19) 
(13,16,29) and shear rate 
(equation 2.27)(13,16,29) are usually calculated for the tube wall. 
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Figure 2.6: Laminar-flow in a tube. 
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The force due tothe pressure, 'drop over a pipe length of uniform 
cross section, is'equivalent to, the'total shear stress in the fluid 
at the wall, if flow has been fully developed. 
For the whole pipe cross section of radius R: 
-AP n R2 -, '-`2 ti R LT(R) 2.17 
at a smaller radius, r: 
-AP n r2 2nr L't (r) 2.18 
Equations 2.17 and 2.18.: show that the shear stress is a linear 
function of radius 
R 
i. e. +Týrý (R) 
Thus the shear stress at the wall is: 
RAP 2.19 
T 
(R) 
2L 
The shear rate may be expressed by: 
du 
2.20 
dr 
Where u is the fluid velocity at radius r. The negative sign arises 
since the positive direction of flow is opposite to the direction 
of shear stress. 
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By expressing the fluid velocity, u, and the volumetric flow rate, 
Q, in terms of Tr rather than radius equation 2.20 may be solved. 
du du dr 
dTr dr dTr 
2L 
IAP 
L 
AP 
f(T 
r) 
2.21 
Integrating 2.21 from r to the wall, and assuming that u=0 at the 
wall: 
0T 
SR 2L 
du m- f(T r) 
d('t 
r) AP 
r 
Thus T R 
2L 
U, = f(Tr) d( Tr) 2.22 
QP 
T 
r 
The volumetric flow rate, Q, is obtained by summing the flows 
through annuli between arbitrary radii r and r+ dr: 
R 
Q- (2 nr u) dr 2.23 
0 
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Substituting 2.22,2.19 and its differentiated form, and the 
appropriate boundary conditions into equation 2.23 : 
TR TR 
2L2L 
Qmm . 2rc T QP r 4P 
Tr 
3 
TR R 
L 
16 Tr f( tr) d tr dr 
P 
0 
r 
2L 
f( Tr)d Tr d Tr 
4P 
2.24 
Integrating 2.24 by parts and substituting equation 2.19 : 
T 
41R2 
R3 
3 (Tr) f Tr d Tr 2.25 
TR) 0 
From equation 2.25 a plot of Q/ n R3 versus'CR will give a unique 
line for a given material, for all radii and pressure gradients. 
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The flow law of the material may be derived from slopes of 
experimental curves. Equation 2.25 must be differentiated several 
times to obtain a convenient form for, plotting: 
3 
d (zR Q/ nR3) 2 
= TR f('rR) 
dT R 
3Q d (Q/ nR3) 
f( R) a3+ 'CR 
nR d-rR 
Q 1_ d log (4Q/n R3 
=33+-2.26 
nR4d log (TR) 
Using equation 2.19, equation 2.26 becomes: 
4Q,,, 3, f(TR) 
=3+n, 2.27 `i1 R4 
Where n' is the slope of the plot of log Q versus log AP. 
Equation 2.27 is the general expression for shear rate for all 
fluids. 
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2.2.4 Rheological Measurements using an Agitated Vessel 
The use of agitated vessels for Theological'measurements stems from 
observations made on, the power requirement for mixing Newtonian 
fluids. Where in the laminar region there exists a linear 
relationship between Power Number, Po, and Reynolds Number, Re, 
such that: 
Po a Kp / Re 
thus "P, /( QN 
3D5 )- Kp /{(N D2) / }ý} ,, 
.pi KP u N2 D3 2.28 
where Kp is a geometric constant, P is the power input, N is the 
rotational speed, Dis the diameter of the impeller, and p is the 
fluid viscosity. 
For non-Newtonian suspensions it- is conceivable that the form of 
equation 2.8 still holds with an apparent viscosity, /4 , provided 
that a constant average shear rate (thus a constant apparent 
viscosity) is-'--assumed to prevail in the mixing operation. This is 
feasible since the operation is carried out at constant impeller 
speed. Further-more, it is possible to assume that such average 
shear rates be proportional to-'impeller speed 
(30) 
i. e. ks N 
where ks is a constant which must'be determined experimentally for 
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a given impeller/vessel geometry. 
The approach to'determine ks is: 
1. =Establish experimentally Power Number (Po) vs Reynolds 
Number (Re) fora Newtonian fluid of known viscosity in a given 
impeller/vessel geometry. 
2. Establish power (P) vs rotational speed (N) for the non- 
Newtonian fluid (e. g. chocolate) in the -same impeller/vessel 
geometry. 
3. Calculate the Power Number for the non-Newtonian suspension, and 
read off the corresponding Reynolds Number from the Newtonian chart 
Po vs Re. This enables the calculation of the apparent viscosity, 
i. e NU -e ND2 / Re 
4.,, Using the viscometric data of the non-Newtonian fluid, find the 
corresponding shear rate, and thus the shear rate constant, ks, 
for the impeller/vessel geometry considered. 
Such an approach has been used extensively and has led to values of 
ks which are often seen to be constant: 
- Propellers, Paddles, and Turbine impellers 
ks=9to14 
- Anchor impellers 
ks = 33 - 172(c/T. ) 0.02 < (c/. ) < 0.13 
- Helical Ribbon, impellers 
ks a 34 - 114(c/D) 0.026 < (c/D) < 0.164 
where c is the vessel/impeller clearance, Tis the diameter of the 
vessel, and D is the diameter of the impeller. 
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Agitated vessels are thus convenient as viscometers since the 
materials may then be analysed in situations similar to those 
experienced during manufacture and usage. This is particularly 
advantageous for materials where the use of=standard viscometers is 
prohibited due to large particles present. 
Many geometries have been studied such as flag and star shaped 
impellers(31), flat blade turbines (30), helical impellers(32,33,34) 
and industrial mixers e. g Hobart food mixer 
(34). A Helical Screw 
impeller is shown in Figure 2.7. This is a model of a chocolate 
liquefier used at Rowntree, York. 
Most analysis' follows the procedure described above(30º34,35)I 
where the shear stress and shear rate are proportional to the 
torque and angular velocity respectively. 
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Figure 2.7: Helical Screw Impeller 
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2.3 Rheology and Chocolate Characteristics 
Milk chocolate is composed of four basic ingredients: cocoa_butter, 
cocoa solids, sugar, and dehydrated milk. It is a dispersion of 
fine particles of the latter three in the fat phase. 
Milk chocolate manufacture can be carried out using two different 
basic ingredients. They differ in the way in which the milk is 
incorporated into the chocolate: 
1) European countries mainly use milk in a 
powdered form. The powder is produced by 
evaporation using spray driers or drum 
evaporators. 
2) UK locations use crumb, which is a vacuum 
dried mixture of sugar, milk, and cocoa 
liquor (ground cocoa bean kernels). 
The chocolate will behave differently depending on the method used. 
The behaviour of chocolate also varies with the manufacturing 
company. Each chocolate manufacturer (e. g. Rowntree, Cadbury, Mars 
etc) has their own method for producing chocolate. 
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The flow properties of samples of milk chocolate depend strongly 
upon the manufacturing process and recipe. This is particularly 
important when comparing published reports on chocolate systems. 
Details of current milk chocolate manufacture are restricted, due 
to fierce company secrecy about the processes and recipes, as these 
can have a very significant effect upon the price of the product. 
When analysing milk chocolate a minimum of four measurements are 
normally performed: fat content, particle size distribution, 
moisture content, and viscosity. The composition of the fat phase 
becomes very important when the chocolate is actually used, but has 
been kept constant in the present study (for any particular 
chocolate). 
The problems encountered when using these tests for the analysis of 
milk chocolate are discussed below. 
Adjustments of the following factors all affect viscosity. Although 
in reality these are all interdependent they will be discussed 
separately. 
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711 t- A- 
Chocolate is "a suspension of solids in fat and as such an increase 
in fat content will decrease the viscosity. However, there are 
economic, textural and legal restrictions 
" 
to 
the amount and type of fat which may be used. 
Cocoa butter, (see chapter 1) is obtained by pressing cocoa beans, 
and is very expensive. Therefore alternative methods to 
(5) 
increasing fat content are used when trying to reduce chocolate 
viscosity (see sections 2.3.2,2.3.3,2.3.4,2.3.5,2.3.6). 
Before making into sweets chocolate must be subjected to a 
procedure known as tempering. This is the partial 
precrystallisation of cocoa butter to ensure that the fat 
solidifies in the correct polymorphic form, giving the chocolate a 
glossy finish, good snap and keeping properties. About 4% of the 
fat is solidified(2) and therefore when using the product e. g 
moulding or enrobing, the chocolate viscosity is higher than when 
measured by standard techniques (see section 2.2.1) which is 
normally carried out in the untempered state. As explained 
previously tempered chocolate is essentially unstable as the 
quantity and type of crystals may change under shear. 
Fat content analysis is performed using a Soxhlet fat extraction 
unit, Figure 2.8. A weighed sample of chocolate is wrapped in 
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filter paper and placed in an extraction thimble. Petroleum ether 
is refluxed over this for 24 hours to ensure complete extraction of 
the fat from the sample. The fat phase is the only constituent of 
chocolate which dissolves in the petroleum ether. The petroleum 
ether is then distilled off, leaving the fat residue, which is 
dried at 60°C for 4 hours and then weighed. From this the total fat 
content may be calculated. 
During the cocoa bean processing not all the fat is released, 
leaving a small amount held in the cocoa plant cells. That which is 
released forms the continuous phase of the chocolate suspension. 
To obtain a full picture of the chocolate ,a knowledge of where 
the fat is in the system (i. e. held within the plant cells or in 
the continuous phase) would be invaluable. 
However the Soxhlet method of fat extraction does not distinguish 
between bound and free fat, as the process is too destructive and 
the cell walls are broken down. In addition the method does not 
differentiate between cocoa butter, milk fat and lecithin. 
Another method of fat content analysis for milk chocolate is pulsed 
nuclear magnetic resonance (pulsed NMR). This system is relatively 
very costly, but is quick and is used where many samples have to be 
analysed. Once again the total sample fat content is given. 
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Figure 2.8: Soxhlet Fat Extraction Unit 
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2.3.2 Emulsifiers 
Emulsifiers or surface active agents are used to reduce the 
interfacial tension between the solids and fats, thus causing a 
reduction in viscosity 
(1,2,3) 
In 1930 Hanse-Muhle(36) patented lecithin as a viscosity reducing 
agent. Lecithin is a natural phospholipid derived from soya beans 
or rapeseed. The addition of 0.1 to 0.3% lecithin has the same 
viscosity reducing effect as over ten times this amount of cocoa 
butter. However, if the level exceeds 0.3 to 0.5% thickening 
. 
(occurs2'3ý 
Work has shown that lecithin acts primarily on sugar particle 
. 
(surfaces3,37) 
Other emulsifiers are used in chocolate manufacture and include 
YN (38) j an ammonium phosphatide emulsifying agent, obtained from 
partially hardened rapeseed oil after glycerolysis, phosphorylation 
and neutralisation. It has a bland, neutral flavour, and does not 
cause thickening above 0.3%. Polyglycerol polyricinoleate (PGPR) is 
used to strongly reduce the yield value, but recent restrictions 
have been imposed on its use making it legal only in limited 
markets. 
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2.3.3 Particle size 
To ensure optimum flow each particle must be coated by a thin film 
of fat. If the particles are small, their specific surface area is 
great and more fat is needed. Conversely, if the particles are 
large, their specific surface area is small and less fat is needed. 
However, since chocolate has a high solids volume fraction (approx 
71%) a monosized or narrow particle size range is unsuitable for 
the correct flow properties. A small quantity of fines or a 
distribution including some fines is required for particulate 
packing and hence flow is aided(39,40). The finer particles are 
effectively acting as a lubricant to the larger particles. 
There are organoleptic reasons to limit overfine and overcoarse 
particles. Too many small particles (<10-12 dun) make chocolate 
claggy or sticky in the mouth(41). Too many large particles cause 
a gritty sensation. Some authors recommend a maximum of 25tum in 
milk chocolate3'42) , others recommend 30-35 }un 
(41). ( 
Two experimental papers show that for organoleptically (optimum 
taste and texture) suitable chocolate, particles larger than 22 }gym 
should be present at less than 20%(43) and 90% particles should be 
less than 30 dun, with a maximum of only 2% greater than 44)um(44) 
These guide lines are also based on the optimum ratio of fine to 
coarse particles which will give a desired lubrication. 
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Particle size tastes also vary from country to country: 
Preferred size in Europe 12 - 18 tun 
Preferred size in America 30 - 35 dun 
(45) 
These aspects indicate that the particle size range of 11 - 30d= 
should be maximised for finished milk chocolate. 
The particle size distribution of chocolate, at Rowntree, is 
determined using a Leeds and Northrup Microtrac analyser (Figure 
2.9). The particles are detected by the diffraction of light from a 
helium/neon laser. 
The sample is initially dispersed in 1,1,1 trichloroethane, which 
produces a suspension of cocoa, milk, and sugar solids with the fat 
in solution. This suspension is then subjected to low energy 
ultrasound for one minute to ensure a constant degree of 
dispersion. 
The suspension, which is constantly stirred, is added to the 
continuous flow system of the Microtrac which already contains 
clean trichloroethane. This is pumped through a clear cell through 
which the laser beam is focussed. The particles in the suspension 
cause this beam to be diffracted. The diffracted beam then enters a 
rotating filter, each opening in the filter corresponds to a 
particular size of particle. The light beam then falls onto a 
photoelectric cell which generates a signal to the computer for 
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statistical analysis (Figures 2.10 and 2.11) . The particle size 
distribution measured this way is very accurate. However during 
preparation the sample is defatted. Therefore a proportion of the 
agglomerates are broken up into their constituent particles, and 
the level of agglomeration is impossible to detect. 
Another method of investigating the particles and structure of a 
sample is to use a microscope. Milk chocolate may be investigated 
under the light microscope if the sample is diluted with fat, thus 
enabling the light to pass through the sample. However the original 
fat structure of the sample is then lost, leaving only the solids 
to be investigated. Electron microscopy may be used to investigate 
the fat using a labelling technique. The fat is laced with a heavy 
metal, the sample is frozen and fractured, and the exposed surface 
is then examined. 
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Figure 2.9: Schematic Diagram of the Microtrac. 
1------------------- ---------------- , ---- ----1 
LASER 
MIFIROR II 
II 
IRESERVOIR 
II 
II 
II 
SPATIAL FILTER I1 
LENS I 
TO HIdfOC¢MPUTER 
I 
MIAFlOR 
1I1I 
PUMP 
BEAM 1 
SPLITTER 
SAHPLE CELL 
L 
------- ---------- - ------- ----- --I 
I--------- 
DRAIN 
ROTATING OPTICAL PIIOTODETECTOR 
VALVE 
FILTER 
BEAM MONITOR 
DETECTOR 
TO DRAIN 
59 
Figure 2.10: Microtrac Output Data. 
Dv - 0.4484 
%10 - 1.84 
X50 - 7.49 
7.90 - 22.09 
MV - 10.16 
CS - 1.306 
STD. DEV - 8.01 
Relative Vol. Graph 
150 0 
106 0 
75 0 
53 0 
38 **3 
27 ****6 
19 ******g 
13 ********13 
9.4 **********14 
6.6 ********11 
4.7 *******10 
3.3 ******9 
2.4 ******g 
1.6 ****6 
1.2 **4 
10% of particles < (um) 
50% of particles -C (um) 
90% of particles 4 (um) 
Mean volume distribution (microns) 
Specific surface area in m2/cm3 
The histogram shows the percentage in 
each channel, the number given being the 
centre of that channel. 
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Figure 2.11: Microtrac Output Data. 
Percent Retained 
Chan. Cum. Vol. 
125 0.0 0.0 
88 0.0 0.0 
62 0.0 0.0 
44 0.0 0.0 
31 3.9 3.9 
22 10.1 6.1 
16 20.0 9.9 
11 33.8 13.8 
7.8 48.4 14.5 
5.5 60.2 11.8 
3.9 70.7 10.5 
2.8 79.7 9.0 
1.9 89.2 9.5 
1.4 95.9 6.7 
0.9 100.00 4.1 
The first column 
is the size in microns. 
The second is the percentage 
smaller than the size 
shown and the third the 
percentage between 
this size and the one 
below 
A similar print-out can be obtained for the percent passing. 
A cumulative graph can also be printed out. All these graphs and 
figures can be printed out together or selected ones deleted. 
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2.3.4 Moisture Content 
An increase in the moisture content of chocolate causes an increase 
in apparent viscosity39,46) . This is not seen with cocoa butter 
alone, and may be explained by the formation of syrup on the 
surface of the sugar particles, which increases the internal 
(friction 37ý. 
Surface active agents reduce internal friction (see section 2.3.2) 
and so a chocolate containing these can tolerate higher moisture 
(levels 37ý. 
However surface active agents also inhibit the removal of moisture 
from chocolate, therefore water is removed prior to surface active 
agent addition. 
A number of methods of moisture content analysis exist. Research at 
Rowntree has found that the Karl Fischer automatic titration method 
is the most reproducible for chocolate. 
A solvent mixture of 3: 2: 1 formamide, chloroform, and methanol is 
used. The formamide and chloroform break down the sample to ensure 
complete water release. The methanol is used with the Karl Fischer 
reagent (iodine, pyridine, and a pyridine sulphur dioxide complex) 
to quantify the water released. 
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Any moisture in the solvent is removed by the controlled addition 
of Karl Fischer reagent. Then a preweighed sample (-0.4g) is added 
and left to fully disperse for 5 minutes. Karl Fischer reagent is 
titrated into the mixture until all the water is removed. 
A redox reaction occurs (Figure 2.12) between the iodine, water and 
sulphur dioxide in the presence of pyridine, producing a pyridine 
sulphur trioxide complex and a pyridine hydrogen iodide complex. 
The pyridine sulphur trioxide then reacts with the methanol to 
produce pyridine and methylsulphate. 
The reaction is followed via an imposed current potential across 
the platinum wire electrode in the reaction vessel. When the iodine 
is not in excess more titrant is added. 
The moisture content in the sample is calculated from the sample 
weight and the volume of reagent added, since lml reagent reacts 
with 5g water. 
This method has been found to be reproducible but gives no 
indication of where the water is present, whether it is in the 
plant cells or in the continuous phase. 
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Figure 2.12: Karl Fischer reaction mechanism. 
TOTAL REACTION. 
Titrant In Vessel 
12+ PyS02 + 2Py + CH3OH + H2O -----> 2Py. HI + Py +HCH3SO4 
Redox Reactions. 
1) PyS03 +12+ 2Py ----3 PyS03 + 2PyHI 
a) SO2 + H2O + 2e ----ý SO3 + 2H+ 
b) 12 + 2e ----)' 2I- 
C) 21- + 2H+ + 2Py ----3 2PyHI 
2) PySO3 + CH3OH ---3 Py + HCH3SO4 
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2.3.5 Temperature 
An increase in temperature affects both the yield value and the 
plastic viscosity. For both plain and milk chocolates, the plastic 
viscosity will decrease and the yield value may, to a lesser 
(47) 
extent, increase. 
Chocolates containing a surface active agent can be heated up to 
20 . 
°C higher than other chocolates before any thickening occursý43) 
Temperatures above 90°C will cause milk protein coagulation in milk 
chocolates whilst those below 35°C will cause partial fat 
crystallisation (see section 2.3.1). 
Chocolate is processed at temperatures between 30 - 90°C, depending 
on the process and final taste requirements. Chocolate is used tor 
sweet making at around 30°C in order to produce a gloss (see 
section 2.3.1. ). 
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2.3.6 Work input 
Work input into milk chocolate modifies or destroys structure (e. g. 
aggregates) and can cause a permanent viscosity reduction, 
rheodestruction (see section 2.1.2). The rate of decrease in 
viscosity (thixotropy) and the final value are dependent on the 
shear rate applied. High shear rates cause the viscosity to fall 
rapidly(48), as shown in Figure 2.13. 
However, most commercial chocolates do not reach their minimum 
viscosity as the work input has not been optimised. 
Vibration eg tapping or shaking is used during moulding and coating 
processes, to remove air bubbles and to aide weight control of 
enrobed sweets. At a low shear rate of 1 sec-1 the apparent 
viscosity decreases with increasing amplitude of vibration, and the 
(yield 
value is thought to disappear47'. 
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Figure 2.13: Viscosity reduction using work input 
viscosity 
. ncreasing 
hear rate 
Time 
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2.4 Rheoloqical Models 
In all types of flow analysis an expression for the shear stress is 
always required to solve the flow equations. For Newtonian fluids 
this is easily obtained since the viscosity is constant throughout. 
However for non-Newtonian fluids, as has just been discussed, the 
viscosity depends at least on shear rate, if not also on time, and 
must be established experimentally. The Theological data obtained 
may in all cases be represented by an appropriate equation or 
model. Clearly the simpler the model, the easier the solution of 
the resulting flow equation. 
Many models have been used to describe chocolate rheology, the 
oldest being the Bingham model(49) , see Figure 2.13: 
T aYlp y+ To 2.21 
Where'ro = Yield value,. Ip m Plastic viscosity. 
Later Steiner 
(50) 
proposed the use of the Casson model 
(51) 
,r0.5=¶o0.5+ (n p Y)0.5 
2.22 
which had been observed to describe printing inks, but which 
Steiner found gave a good fit to his chocolate data. 
When using rotational viscometers the ratio of inner to outer 
cylinder radii must be accounted for, and equation 2.22 becomes: 
(1+a) T 0.5 = (1+a) np 
0.5 
Y 
0.5 
+2 To0.5 - 2.23 
where aa ratio of inner to outer cylinder radii. 
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Figure 2.13: -Graphical Representation of the Bingham Model. 
SHEAR STRESS 
TO 
SHEAR RATE 
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This was adopted by International Office of Cocoa and Chocolate 
(IOCC) (12) who stipulated that a>0.65. 
Many other models have been proposed and are summarised in Table 
2.2. 
Although many workers have described model equations for chocolate 
flow none of these adequately cover all types of chocolate. The 
IOCC and NCA and CMA recommend the use of the Casson equation with 
some British companies preferring the Bingham equation. The 
difference between manufacture and recipe being the main cause of 
this difference. The European and American manufacture utilises a 
fine ingredient method, where all the materials are ground prior to 
mixing. The British companies use a crumb method to prolong keeping 
qualities, where sugar, liquor and milk are mixed prior to final 
chocolate production. The use of these two equations leads to the 
chocolate being described by a yield value and a plastic 
viscosity. The plastic viscosity is often an accurate description 
of flow at high shear rates. But the yield value is unreliable due 
to the necessary extrapolation used for its calculation, when using 
common measuring viscometers and the standard method set by the 
IOCC and the NCA and CMA. These organisations limit the shear rate 
range for the calculations. The choice of these shear rates and the 
number of points used can give rise to differences in the yield 
value calculation which may be larger than real differences between 
the chocolates. Indeed the existence of yield value is in current 
(debate l0ý. 
In any event, care should always be taken with 
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constitutive equations which purport to describe a chocolate in 
its entirety, as far as flow is concerned, without reference to the 
appropriate range of shear rate where the data was obtained. 
Clearly low shear rate data of chocolate is of no use for 
predicting mixing and pipe flow where shear rates are large. 
Conversely high shear rate data does not provide the information 
necessary for chocolate coating and enrobing, where the shear rates 
are naturally low. 
Modelling is however convenient for routine analysis, only if 
standard procedures are used. However to obtain a true 
understanding of how flow changes the whole rheogram should be 
reported, along with the procedure used. 
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Table 2.2: Equations used to describe Chocolate Rheolo 
Reference Equation Ccomnents 
BINGHAM 
(49) 
T= Ir + fl Y 
CASSON (50,51) T0.5. T 
0.5+ (VI) 0.5 
0 PY 
STEINER (12,50) 
(1+a) .r0.5. (1+a) (nP y 
)0.5+ 2 , r00.5 
HEINZ 
(52) 
SAUNDERS 
(52) 
,t 
2/3_ -r0 +n 
1/2 
y 
2/3 
P 
,r 
ma T0 + np0.5 Ym 
Oldest model fits York 
chocolate better than 
the Casson model. 
Derived for printing 
inks. 
Fits some European 
chocolate. 
Adapted for use with 
rotational viscometers 
(May also be applied to 
Bingham model) 
Adopted by I. O. C. C. 
Proposed for 
suspensions. 
m- flow index usually 
0.5 <m <0.75 
Found by experiment. 
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ELSON 
(52) 
CHARM (52) 
SOMMER 
(42) 
T- To . lp y+B Sinh 
1 
abY S+ To 
Y TI T.. / 
*-/(Yj 
(ý-cý) (flhiql_nhiq2), ) 
o"s 
B- measure of the 
curvature of the flow 
curve at low shear 
rates. 
Calculation of constants 
is complex and 
unsuitable for routine 
use. 
b and s are constants 
used by Charm. 
Y- medium rate of 
shear of shearing action 
between particles. 
hl iqa Viscosity of pure 
suspension medium at 
temperatures 1 and 2 
CV - concentration of 
solids by volume. 
Unsuitable for routine 
use. 
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WINDHAB AND GLEISSLE 
(53) 
Shear-Function: TKYn+ To 
Slip Function: T= CVg +t1 
STREET 
(54) 
T: Zf y 
c 
C, K, m, n - constants. 
Vg - slip velocity. 
T, = slip limit. 
Parameters unique to 
each material. 
Complex to derive 
constants. 
Z- liquid viscosity 
f 
modified by Quemada 
derivation, to allow for 
[l+kß(v, d)u(y, T)-ßy-r] particles. 
, Pl - effective volume 
fraction. 
fäc - critical value 
v, d - particle constants. 
K, P - constants. 
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OTAPIER 3. 
LITERAZURS SURVEY INTO SHEAR TINNING BY WIRK INPUT. 
3.1 General Introduction. 
The following dzapter is a review of some of the literature most 
relevant to the present study. In order to sinplify the 
presentation the survey has been divided in four main areas :- 
Characterisation of chocolate. 
Rheological measurements of chocolate. 
Chooalate and related systems under shear influences. 
Relevant processing machinery. 
The first two areas have been discussed in Chapter 2, Rheology of 
Milk Chocolate. Here a general background to chocolate manufacture 
and factors affecting milk chocolate flow properties have been 
detailed, using current literature. 
The second two areas are discussed in this chapter. 
We to the highly competitive nature of the chocolate manufacturing 
industry, much knowledge remains within individual ci anies and is 
not published. 
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3.2 Chocolate and related systems under shear influences. 
Systems as high in particulate matter as chocolate (i. e having 60% 
to 70% solids), may be described by a close packed, non rigid 
lattice with the pores filled by a continuous fluid 
(55), in the 
case of chocolate this is fat. Initially the pores may not be 
completely filled leaving dry areas. Shearing will result in 
breaking a packed structure and improved particle coating, and so 
cause a viscosity reduction. A fluctuating torque can also occur, 
being caused by particles jamming and releasing, due to uneven 
lubrication. 
Barnes 
(56) 
reported that concentrated suspensions of non- 
aggregating particles, when measured at the appropriate shear 
rate, always show a shear thickening effect, which may or may not 
be reversible. He stated that this was probably due to a transition 
from a two dimensional layer to a random three dimensional 
arrangement. The phenomenon is reduced or avoided by smaller 
particles or using a greater mixture of particle sizes. This in 
fact will result in the smaller particles acting as a lubricant to 
the larger particles. 
Typically dense suspensions follow a pattern of flow regimes 
(57) 
(see section 2.1.1), as described in Figure 3.1. 
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Figure 3.1: Typical flow regimes for dense suspensions. 
1 "I r 
'11 
For very low shear rates region A is seen where flow is Newtonian, 
this is followed by a shear thinning region, B (usually of the 
power law type). A second Newtonian plateau, C, is reached, 
followed by a thickening stage D. Concentration of the material 
increases the intensity of the shear thickening and thinning 
regions, because of the sensitivity of the viscosity to the phase 
volume in the different regions. Clay suspensions at large solids 
concentration are typical examples. 
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Figoni and Shoemaker have reviewed the time dependent flow of 
(58 liquids and semi-solids under shear 
ý. Time dependency was 
discussed in -terms of viscoelasticity and structural changes, with 
theoretical and empirical descriptions of structural decay. The 
decay was found to vary with product formulation and experimental 
conditions, such as temperature, shear rate and measuring system 
geometries. When dealing with time independent materials the power 
law equation is often used. This was found inadequate for most 
systems where time dependency results from viscoelasticity, 
(thixotropy 
or both 
58ý. 
Viscoelasticity arises due to a retarded 
response of a system to shear, for thixotropy the response is 
(immediate 59ý. The structural changes may be due to disentanglement 
of polymers or deflocculation of globules, the latter is more 
likely in chocolate, with hysteresis giving a measure of the amount 
of structural breakdown occurring 
58ý. Hysteresis loops were also 
observed for a well stirred system of spherical particles up to a 
density of 70%, by Cheng(7) both with concentric cylinder and cone 
and plate systems. This point was investigated further as described 
in section 5.4. Measurement of shear stress or viscosity at a 
constant shear rate is often used in order to characterise the 
structure breakdown, see section 4.3. 
Finke and Heinz 
(60) describe thixotropy in chocolate to be due to 
wall slippage, and suggest the use of corrugated surfaces on 
measuring systems. The problems of measuring systems have also 
been observed by Mackey, Morgan, and Steffe61ý , where concentric 
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cylinders have been observed to cause a less dense layer next to 
the cylinder, settling of particles, particle' interaction causing 
inhomogeneity, and destruction of suspended particles due to the 
narrow gap. -Acrivos(62) also-reports that flow anomalies may-be due 
to particle alignment. Wall, slippage and particle alignment effects 
have been investigated in this project, and were found to be an 
insignificant part' of permanent shear thinning in chocolate, -but 
they do contribute- to a temporary effect. Thus the correct 
measuring geometry and procedure are vital to ensure reliable, 
reproducible data. However, Woodcock 
(6) 
observed that the simplest 
suspensions'e. g dense suspensions (40-60% packing) of mono sized 
particles defy ý theoretical predictability and experimental 
reproducibilty. To increase reproducibility a standard measuring 
technique, most suitable for detection of permanent shear thinning 
in chocolate, was established during this project (see section 
5.3). 
Solid-liquid processes are frequently encountered in food stuffs, 
cement, cosmetics, explosives, china clay, and nuclear waste. The 
processing invariably involves deagglomeration, wetting and 
stabilization(63). Particle attrition or rounding may occur at'high 
shear rate and maybe necessary to achieve a 'stable viscosity. 
These materials normally contain greater than 50% solids by weight 
and are highly non-Newtonian. Shear dispersion requires a'high 
energy input which is even greater when using non-polar fluids e. g 
coal in oil, oil based paints, and printing inks. In these the 
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electrochemical forces which assist dispersion in polar fluids 
(e. g. water) are absent, so there is a very high energy requirement 
to achieve particle-particle separation and wetting. High speed 
shearing -As., -essential for. complete structure 
breakdown and 
promoting dispersion and enhancing stability. 
Van Ootegherrm(64 has investigated the shear stress decay of 
vaseline where the addition of liquid paraffin reduced the rate of 
breakdown whereas the addition of hard paraffin increased the rate 
(hard paraffin is less polar than liquid paraffin). The effect of 
the polarity of the fat used in a sugar suspension was investigated 
as part of this project (see section 5.4). 
Figoni and Shoemaker(58) reported the behaviour of a pharmaceutical 
lotion which continued to decay after 2 hours, with no recovery 
being detected. This is similar to a phenomena found with chocolate 
during this project (see section 4.3). Where the viscosity measured 
at the high shear rates of the flow curve continue to decrease for 
30 minutes of high shear, but the viscosity at the low shear rates 
of the flow curve continued to decrease for up to 120 minutes. The 
difference in equilibrium time for the two ends of the flow curve 
caused problems when using modelling techniques (see section 5.3). 
Chocolate has been described by different rheological terms. Heiss 
and Bartusch(65) observed that if chocolate is stirred after'a long 
rest then the shear stress is high initially, tending to a steady 
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value after 10 minutes. 
then stirred at the same 
shear stress. will be 
obtained if the shear ra 
important in low fat 
density of the particles 
If the chocolate is intensely agitated and 
rate as previously, then the same steady 
seen. The equilibrium value will only be 
to is not too high. This thixotropy is more 
chocolates, possibly due to the packing 
as described above. 
Bralsford(66) describes chocolate chiefly as pseudoplastic i. e. 
time independent shear thinning , but with Newtonian flow regions 
at very low and very high shear rates. The viscosity of chocolate 
at low shear rates is governed by the particle-particle 
interactions(67) which can resist shearing. 
The investigation of plain chocolate during conching by Hoskin and 
Dimick(68) indicated that a surface smoothing was occurring along 
with an even spreading of cocoa butter, resulting in a viscosity 
reduction. However at Rowntree, research(69) has shown that there 
are no surface changes during conching. Wolf(70 suggests that 
surface smoothing of sugar during conching does not occur, since 
the particles are brittle and are likely to form sharp edges on 
breaking. 
For most chocolate manufacturers viscosity reduction is achieved in 
the conche along with flavour optimisation. It has also been 
reported 
(68) that the flow of chocolate during the conching stage 
is initially improved by a structural change where packing and 
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coating effects have occurred. Kempf(71) observed that if 
hydrophillic non-fat particles, such as sugar and cocoa solids, 
remain uncoated by cocoa butter, water will be adsorbed onto their 
surfaces and prevent chocolate from having a stable viscosity. 
Antithixotropic, shear thickening, behaviour has been observed by 
Heiss and Bartusch 
(65), 
and Heinz(72), this phenomena can be 
explained by these workers using different shear rate ranges to 
those used to obtain a shear thinning effect (see Chapter 4). 
Thickening has also been observed at Rowntree, when chocolate 
undergoes high turbulent shear 
(73,74), 
and by Finke 
(75) 
who stated 
that the rise in viscosity is dependent on the shear rate and the 
level of cocoa butter present. Shear thickening may also occur if 
the shearing process causes agglomerate and particle breakage, 
however the work at Rowntree showed that this did not occur. An 
antithixotropic behaviour in chocolate has been observed during 
this project when measuring viscosity at high shear rates using a 
tube flow viscometer (section 4.2). 
The Institute of Food Technology and Packing(76) reported both 
thixotropic and antithixotropic behaviour when shearing chocolate. 
Plain chocolate, relatively low in fat, showed a thickening effect 
especially in the absence of lecithin. Thickening was also observed 
to a lesser extent in milk chocolate. The report detailed a plain 
chocolate with 35% cocoa butter which under intense shearing'showed 
a plastic viscosity reduction of 64% and a yield value reduction 
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of 40%, this is equivalent to adding an extra 3% fat, i. e 
increasing the liquid phase by 3%. 
At Rowntree research has shown that in the low shear rate range (up 
to 60 sec 
1) the viscosity of chocolate decreases 
(46). However the 
optimum level and the form of reduction is not known, and is the 
subject of the present project. 
The behaviour of chocolate has been investigated by Tscheuschner 
and Finke 
(77 
, and Niediek(78), via simple models of sugar and 
cocoa butter, where the sugar represents the total solids content 
of the system. Further work using this type of modelling is 
described in Chapter S. The viscosity was seen to increase as the 
surface area increased, for a particular solids content(67'78) 
Tscheuschner(79) confirmed these findings, but suggested that the 
cocoa solids and sugar interact in differing ways with the cocoa 
butter. Sugar particles, which are hydrophillic, show a 
preferential reaction between themselves rather than with cocoa 
butter, which is hydrophobic(77). Sugar particles form strong 
agglomerates, whereas sugar and milk form weaker agglomerates, 
which are broken during conching(67). Hence milk chocolate which is 
a very complex material, has an overall flow pattern which is the 
sum of many different reactions. 
Finke and Tscheuschner(77 performed experiments with cocoa butter 
and sugar with a particle size distribution in the measured range 5 
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to 30 dun. The solids concentration was varied between 5 and 40%. At 
5% the flow seen was Newtonian with a slight deviation seen at the 
low shear rates. As the concentration was increased the deviation 
became larger. At 40% concentration the sugar becomes more 
hydrophillic as the temperature increases, this intensifies the 
interaction between the particles and forms aggregates. 
Thixotropy, as measured by the level of hysteresis, was detected 
with high solid volume concentrations. Hysteresis and its causes in 
sugar and cocoa butter mixtures has been investigated further as a 
part of this project (see Chapter 5). 
Generally food systems are complex in behaviour and the lack of 
data in the literature characterising the flow properties is a 
reflection of this. They are generally natural materials and as 
such are subject to variations in the raw materials, giving results 
that may not be exactly reproducible. Under shear these complex 
systems undergo many processes making the mathematical modelling 
of the flow properties difficult, which often leads to empirical 
relationships being defined. 
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3.3 Relevant Processing machinery. 
Part of chocolate manufacture involves producing a liquid chocolate 
with consistent flow properties. This means that the surfaces of 
the solid particles must be largely coated with fat, which is 
achieved by mechanical means. Settling of particles may occur if 
chocolate is not continually agitated, this problem is aggravated 
if the solid particles are not fully lubricated. 
Various types of processing machine are available. If the machine 
has a general mixing area (shear rate < 50 sec 
1) 
within which 
there is a relatively small high shear regime (shear rate > 2000 
sec 
1), then the time of process will be lengthy to ensure all the 
material has passed through the high shear. If the machine is a 
high shear model then only a limited residence time is required, 
but care must be taken to prevent grinding of particles. 
Prediction of power consumption in mixers is difficult with Non- 
Newtonian materials since most mixers operate in a much higher 
shear regime than those in which viscometric measurements are 
(made 2ý. 
Historically conching was the only process in chocolate manufacture 
during which viscosity reduction and stabilisation were achieved. 
For most manufacturers this still is the case 
(3). During conching 
chemical changes occur alongside physical ones, but the former will 
not be discussed here. In a conche mechanical and shearing forces 
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are used to separate agglomerates and coat particles with fat. The 
efficiency of a conche for the physical processes is dependent on 
how well the kneading and shearing arms are arranged. 
Shearing of a deformable material between parallel planes results 
in a linear shearing action (see Figure 3.2) which causes particles 
to become coated. Combined shear and compression forces are formed 
when the relative motion of the planes is not parallel (see Figure 
3.2) e. g. when using a wedge. These principles have been 
successfully applied in the design of mixing and shearing elements 
in conches. The shearing process mainly takes place at the wall and 
scrapers of the conche. A good consistency for a chocolate, filling 
the conche, is powdery and crumbly. If the wall is cooled the masse 
becomes pasty, increasing the work input and hence the power 
consumption rises. Work input and heat generation cause the 
chocolate to liquefy into a fluid. 
(2) 
Conches originated as Mexican grinding stones. In 1878 Lindt 
recognised the importance of continuously stirring chocolate, and 
developed the Longitudinal Conche(2). This is made of granite and 
has a capacity of 100 to 1000 kg. A roller moves back and forth 
over the granite trough at 20 to 40 rpm. The chocolate must be in a 
pasty or liquid state when the machine is filled, as powdery 
materials may damage the machine. The Longitudinal Conche has a 
high energy consumption, small capacity, poor temperature control, 
and requires long conching times of up to 96 hours. 
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Figure 3.2: Shear forces produced between parallel and wedge 
planes. 
`1 
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Figure 3.3: The Frisse Conche. 
The arms rotate in an interlocking 
arrangement, to enable maximum mixing. 
The majority of work input is achieved 
between the scrapers and the walls. 
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The Longitudinal Conche was modified to a Rotary Conche, where the 
mixing arms rotate e. g Frisse Conche (see Figure 3.3). The capacity 
is up to 10 -tonnes and the chocolate may be in a powdery state on 
filling. Temperature control is achieved by a water jacket which is 
either heatedb keep the material molten, or is cooled to counteract 
the heat due to friction within the material. The design is 
physically limited as it is very difficult to construct a large 
perfectly cylindrical bowl. Thus the gap between the mixing arms 
and the side is limited to prevent them scraping together. 
Continuous conches may also be used where refined material is fed 
continuously, reciprocally, or semi-continuously to a conche. The 
material may be pretreated for chemical and flavour changes prior 
to the 'conche', leaving only a work input or liquefying stage to 
be performed. The Petzholdt system requires the components of the 
chocolate to be pretreated and this machine just operates as a 
liquefier. The design is on a batch-continuous basis, such that of 
the two or more vessels, at any one time, one fills as one 
liquefies or empties. The combined machine may treat one tonne in 
one hour. Alternatively the Nagema continuous Conche(2) has an 
improved performance if the cocoa masse has not been pretreated. It 
has two shearing tanks where material is pushed into the high shear 
regime of co-rotating screws, which direct the material around the 
tank. This machine only has a short retention time, which does not 
give sufficient time for the flavour optimisation 
(2). The*Homega 
Conche(80) is another machine which specifically recognises the 
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need for high shear to impart work input into the chocolate. The 
main mixing area is designed similarly to the Frisse. High shear is 
imparted to the material by recirculating through an external high 
shearing device. Results and viscosity measurements have shown that 
too intense a shear rate is used in its operation(81), resulting in 
antithixotropy. 
Improvements and modifications to the original conches have reduced 
the liquefying time from 96 hours, where flavour changes occur 
alongside physical changes, to 1 hour in a continuous type conche, 
where liquefying only is occurring. 
Research work by Bradford University for Rowntree recommended the 
use of a helical screw impeller for liquefying chocolate (Figure 
2.7). This system improves on the Melangeur Pan (Figure 1.1) 
previously employed for this process. it operates at about 60 Rpm 
for 30 minutes, with a filling time of 30 minutes. However this 
still does not achieve the, minimum chocolate viscosity. Experiments 
at. Rowntree using a Crypto Peerless food mixer have substantially 
reduced this viscosity (see Appendix 4). Higher speeds may not be 
achieved with. a helical impeller due to instabilities caused by the 
reports that for large 
( large stresses involved 
82). Shamlou (63) 
vessels- where, the diameter is greater than 1 meter, great 
difficulties are encountered (rotor instability and large power 
consumption) in mixing at 1500-2000 rpm. Most run around 100 rpm, 
which is the limit for the size of motor used. The helical impeller 
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liquefier (Bradford Liquefier) is a batch process. 
Winkworth(83)-have also designed a high speed refiner mixer. A 
profiled paddle agitator moves the masse around a trough and into a 
high speed (3000 Rpm) refiner which breaks down agglomerates. This 
may be thought of as a slow Z-arm mixer with a small Crypto in the 
vessel. Hence the process time is fairly long to ensure all the 
material flows through the high shear regime. The cylindrical 
trough and close blade clearance ensures all ingredients are 
continually mixed. 
All the above methods of liquefying chocolate are batch processes 
which may be arranged to continuously discharge finished chocolate 
by using two or more units and staggering the process start time. 
The batch operation is necessary since the mixing time is 
dependent on all the masse passing through a high shear regime. 
A continuous process would have many advantages, including 
shortening the processing time, providing a continuous supply of 
chocolate to the user departments, and capital cost savings. 
However a continuous liquefying process could only be used if all 
the masse is forced to pass through a high shear area. This is 
achieved in homogenising machines such as the Fryma Colloid 
Mill 
(84), 
where the masse passes between a toothed rotor and 
stator. Work has been performed on this machine (see Chapters 6 and 
7) as it is possible to vary the shear rate by adjusting the gap 
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between the rotor and the stator. The rotor is designed to operate 
at a fixed speed of 3000 rpm. 
Static or motionless mixers, see Figure 3.4, are also used for 
mixing various materials(85,86). Work in this project (see section 
6.4) shows this type of machine to be ineffective in imparting work 
input. This may be due to the liquefying process requiring an 
amount of particle ordering, since a static mixer is continually 
changing the direction of shear, ordering will never be achieved. 
An estimation of the shear rates of some processing machines is 
given in Figure 3.5. The large batch machines tend to be at the low 
shear rate end and small batch or continuous machines at the higher 
end. This is due to the high stresses involved, hence instabilities 
and high power consumption in operating large volume high speed 
machinery for non-Newtonian fluids. Figure 3.3' highlights the fact 
that a machine operating for an hour at about 200-600 rpm does not 
appear to be readily available, for the chocolate throughput 
required (e. g. 3 to 6 tonnes). 
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Figure 3.4: Static Mixer Elements. 
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Figure 3.5" : An Estimation of the Shear Rates of some Processing 
Machines. 
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CHAPTER 4. 
INVESTIGATION TO DETERMINE THE OPTIMUM 
SHEAR RATE TO LIQUEFY MILK CHOCOLATE. 
4.1, General Introduction. 
Chocolate viscosity may be reduced permanently by work input.. The 
rate of decrease in viscosity and the final flow curves are 
dependent on the shear rate and the time it is applied. 
Sections- 2.3.6-and Chapter 3 highlighted 
chocolate, however these dealt mainly with 
than 100 sec-1, which showed a. still higher 
to produce the minimum viscosity. This 
investigates the effects of high shear rate 
of milk chocolate. 
the effect of shearing 
shear rates no higher 
shear rate is required 
series of experiments 
s on the flow behaviour 
The aim of the experimentation'was to achieve the lowest possible 
stable viscosity for a given milk chocolate recipe, by optimising 
the work input. A chocolate must have a consistent correct 
viscosity in order to prevent problems in the enrobing and moulding 
areas, where the sweets are made. 
Research work for Rowntree developed a process for liquefying 
chocolate. However power restrictions of the mechanical design 
have limited the shear rate to approximately 40 sec-1. 
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Previous experiments had-shown it is possible, by the-use of high 
shear, to achieve far lower chocolate viscosities than during the 
present-- manufacturing procedure. These experiments have been 
carried out on a small scale, using a Crypto Peerless food. mixer 
(commercial food processor, used by hotels e. t. c. ). The machine 
imparts'a high-level of work input into the chocolate by high speed 
mixing. However the shear rate of the Crypto is greater than 2000 
sec -1 and it is, -impractical to scale up as the power requirement 
would be far too great. The results of processing in the Crypto are 
shown in Appendix 4, where they are compared to a split batch of 
production chocolate. 
Research work has shown that too higha shear rate may cause shear 
thickening for some milk and plain chocolates 
(65,72,73,74,75). It 
is imperative that this area be avoided during manufacture. 
Hence the optimum shear rate for work input into chocolate must be 
found in order to recommend modifications to the manufacturing 
procedure. 
The optimum shear rate for work input was investigated using two 
different approaches. The first used a tube viscometer, where the 
apparent viscosity is measured at the processing shear rate. This 
enabled viscosities at relatively high shear rates (up to 
700 sec-1), to be measured. The second approach used a concentric 
cylinder viscometer, where the material was processed using a high 
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shear rate range (100 - 1000 sec 
1), but analysis was only possible 
at a much lower shear rate range (0 - 100 sec 
1), due to the limit 
of the machine readings. 
A general schematic diagram of the present York Milk Chocolate 
manufacturing process 
, 
is shown in Figure 1.3, which indicates the 
liquefier and refiner stages, at which samples were taken-for 
experimental investigation., Two 25kg samples of milk chocolate were 
taken from production at the. start of the experimentation to use as 
standard samples, -see Appendix 5. The first was-a fully processed 
sample and the second was taken prior to the liquefier (Figure 
1.3). Standard samples were used to eliminate variations which 
occur in the raw materials and the 'day-to-day' production of 
chocolate. 
:f. - 
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4.2 Tube Flow Experiment. 
4.2.1 Introduction. 
The aim. of this experiment was to investigate the flow properties 
of chocolate at high shear rates, and to determine the shear rate 
range where chocolate appears to be non-thixotropic. 
The optimum- shear region was approached from the high shear rate 
extreme, further experimentation (see section 4.3) approached the 
optimum shear region from the low shear-rate extreme. 
This research was carried out on equipment at Unilever, Port 
Sunlight. 
4.2.2 Experimental Procedure. 
The instrument was fully temperature controlled to 40°C, by a water 
jacket. 'A mechanical piston drove the sample, at a controlled 
velocity, ' through a tube of known dimensions. The resulting 
pressure exerted by the fluid was indicated. 
The- two , standard samples--were ° investigated- (Exrefiner, 
Exliquefier), see Appendix S. Each were passed twice through a tube 
with a diameter of 4mm and a length of 100mm. 
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4.2.3 Results 
Table 4.1: Viscosity Levels of Samples Processed in a Tube 
Viscometer. 
Sample I ExRefiner I ExLiquefier 
1 Pass 2 Pass 1 Pass 1 2 Pass 
Shear Rate I Viscosity 
(sec1) I (Pa. S) 
I 
34.22 11.53 I 9.75 I 4.95 6.91 
85.56 I 6.15 I 8.58 I 3.96 I 3.95 
171.10 I 6.15 I 8.19 I 3.56 I 3.75 
256.60 I 6.15 I 7.15 I 3.43 I 3.95 
342.20 I 5.76 I 6.83 I 3.36 I 4.25 
427.80- I 5.84 I 6.87 I 3.48 I 4.42 
513.30 I 6.66 I 7.41 I 3.56 I 4.61 
598.9 II I 3.84 I 4.51 
684.40 II I 4.15 I 4.74 
The results'were computed using equations 2.19 and 2.27. 
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4.2.4 Discussion 
Using a tube viscometer it is possible to reach high rates of shear 
and to measure the corresponding. shear stress or viscosity (this is 
not the case with, the available concentric cylinder viscometers 
where the machine maximum torque measurement is limited). Hence the 
viscosities shown in Figure 4.1 are those actually measured at-the 
corresponding shear rate. 
For the first pass through the tube, Figure 4.1 clearly shows that 
for both, the refiner sample and for the : liquefier sample, shear 
thickening begins at approximately a shear rate of 425 sec-1. This 
thickening effect is actually being measured at the shear rate. A 
comparison can be drawn, betweenTigures 3.1 and 4.1, since both 
show a thinning region, followed by a Newtonian regime, and then a 
thickening region. 
The chocolate used for the second pass through the tube, came from 
the first test and therefore some had been sheared at the high 
rate. This was sufficient to cause permanent thickening (i. e. long 
enough to still be present for the second measurement), a phenomena 
also seen by Finke(75). 
It is important to measure the flow properties of chocolate at 
lower shear rates of between 5 and 100 sec -1 since these are the 
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limits of shear experienced `in the enrobing and moulding 
equipment. 
This experiment indicates that maximum viscosity reduction will be 
achieved if 'shear`rätes öf'up to 400 sec 
l 
are'-used, for both the 
Exrefiner and Exliquefier samples. Above this level of shear rate, 
despite the very low residence time 'in' the tube, permanent 
thickening is caused. 
Presently, liquefying Of milk chocolate occurs at a low shear rate 
of 40 sec 
1. A rotational type of flow, helical screw, as used for 
liquefying, has a processing time of one hour. 
The optimum shear rate level müstf be between l00 and 400 sec-i. 
This would preferably reduce the liquefying time to below one 
hour. 
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4.3 `Concentric Cylinder Experiment. 
4.3.1, introduction. 
Initially experiments were `attempted using the Haake RV12 
viscometer. This`, machine' has a concentric cylinder measuring 
system. The" inner cylinder-° (bob) has an air gap incorporated to 
reduce end effects, see`Figure2.3. Various gap sizes may be used 
with this instrument, but typical sizes are 1.5mm and 5.8mm. It was 
found however, that at high shear- rates -(>300 sec-1) the air 
bearing was lost and bubbled up round the inner cylinder. The 
machine maximum torque read out is 100, if the stress exceeds this 
the mechanical drive fails, via a safety cut out mechanism. Thus 
the maximum shear rate available is severely limited when using the 
Haake'RV12. These limitations prompted the investigation of other 
commercially available viscometers. The new Haake RV20, "Contraves 
Rheomat 115 and Carrimed -CS100 rheometers were investigated using 
standard oils and specially-prepared chocolate, samples (Appendix 
1). ` Following this study the Contraves Rheomat 115 was chosen to 
carry out -experimentsýat high shear rates. This apparatus has a 
concentric cylinder measuring system of which the inner cylinder 
has-a conical end, to''reduce end effects (see Figure 2.3). The'gap 
size' between the measuring cylinders is lmm. The machine 
reproducibility is within 2% (Appendix 2). The Contraves has a 
shear 'rate ', capability of 1008 sec 
1, 
as the motor. does not fail ; if 
the maximum torque value is exceeded. The torque display has a 
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maximum read _out of., 
1300, ( T- 1483 Pa). This corresponds to an 
approximate Shear, rate: = 400 sec-1, for the standard Exli'quefier 
milk chocolate used, in this experiment (29.8% fat). 
For clarification the experimental or processing shear rate is 
referred to as Rpm, and the term 'shear rate' is applied only to 
the apparent viscosity analysis -measurements. The approximate 
relationship between, shear. rate and speed (Rpm) is 
Shear Rate - Speed (Rpm) x. 1.29 
for the Contraves concentric cylinder viscometer with a 1mm gap. 
4.3.2 Experimental Procedure. 
For the high shear rate investigations with the concentric cylinder 
viscometer, a standard . flow, curve technique was employed. The 
sample was processed at_the high rate for a set, time. The sample 
was remixed, using a spatula, prior to the flow curve being 
recorded, in order to remove any temporary instrument effect which 
may have occurred during the processing period. Evidence for this 
temporary thinning possibly due to particle agglomeration is shown 
in Appendix 6, and sections 5.3 and 5.4. it is important for this 
project that only the permanent shear thinning is reported. 
All experiments were performed using the Exliquefier and Exrefiner 
k: - 
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standard samples (see Appendix 5), and a third sample where the 
full lecithin and fat addition had been made to the exrefiner 
material., -. The-use of these three samples will indicate the stage, of 
manufacture at which the optimum work input effects (i. e viscosity 
reduction) could be achieved. 
All samples were melted at 60°C for at least 1 hour, and then 
stored at `45°C prior to use (maximum storage 2 days). This limits 
any errors due to storage. i. e. fat migration, moisture pick up. 
The actual apparent viscosity reduction with respect to time was 
determined-for, a particular processing level. ''Bingham and Casson, 
Yield values and Plastic -Viscosities were also calculated, 
according . to the IOCC' recommendations(12-). However, neither of 
these rheological models fits York milk chocolate exactly, but they 
give^a guide to the 'user' characteristics of the chocolate (Yield 
Value for decorating, and Plastic Viscosity for pumping). 
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4.3.3 Results 
Sample Tables Figures -- 
Exliquefier 4.2 - 4.4 4.2 - 4.8 
Exrefiner 4.5 - 4.6 4.9 - 4.10 
Exrefiner plus 4.7 - 4.8 4.11 - 4.13 
total lecithin content 
The samples were tested for variations in moisture content, fat 
content, and particle size distribution (see Table 4.9). These did 
not vary above the accepted limits for the relevant analysis 
procedures. 
A comparison of the Exliquefier and Exrefiner plus Total Lecithin 
samples before and after processing is given in Figure 4.14. 
N. B. The Exliquefier and Exrefiner data was recorded via the chart 
recorder facility of the : Contraves viscometer. Whereas the 
Exrefiner plus Total Lecithin experiments were performed after the 
computer control and analysis package was purchased. Hence the 
shear rate data in the tables varies. 
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Table 4.3 : Variation of Exliauefier Original samples 
SHEAR RATE J x % COEFF OF VARIATION ý 
I (SEC 1) I (Pa. s)l I (%) 
4.30 I 7.71 I 0.26 I 3.37 
10.75 I 6.03 ( 0.11 I 1.82 
21.50 I 5.45 I 0.05 I 0.92 
32.25 ( 5.25 ý 0.03 I 0.57 
43.00 I 5.10 ( 0.04 ý 0.78 
53.75 I 5.01 ( 0.03 ý 0.60 
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Table 4.4: Exliquefier sample processed at 550 Rpm (repeat), 
in a Concentric Cylinder Viscometer. 
Time 0I 15 I. 30 1 45 I 60 I 75 I 90 
(min) 
I 
Shear 
Rate ( Viscosity (Pa. s) 
(sec-1)l 
4.82 8.30 17.72 ý 7.55 ý 7.20 ý 6.27 7.03 6.79 
15.14 5.14 ( 5.60 ý 5.49 ( 5.30 5.03 5.14 5.06 
25.46 
35.78 
46.10 
56.42 
66.74 
77.06 
87.38 
97.70 
108.02 
118.34 
128.66 
5.83 
5.64 
5.52 
5.34 
5.21 
5.11 
5.01 
5.03 
4.91 
4.84 
4.75 
5.15 
4.94 
4.82 
4.74 
4.69 
4.63 
4.59 
4.53 
4,48 
4.44 
4.39 
5.03 
4.85 
4.70 
4.62 
4.57 
4.51 
4.47 
4.42 
4.37 
4.33 
4.27 
4.86 4.70 4.74 4.78 
4.69 4.53 4.52 4.56 
4.59 4.42 4.41 1 4.40 
4.51 4.34 ( 4.32 4.31 
4.43 4.37 ý 4.23 4.23 
4.38 4.34 4.17 4.16 
4.34 4.29 4.14 4.10 
4.29 4.23 4.05 4.10 
4.23 4.21 3.94 4.06 
4.21 4.16 13.92 4.08 
4.18 4.13 13.84 4.03 
Time I 105 I 
(min) 
120 I 135 I 150 I 165 I 180 
Shear I 
Rate I Viscosity (Pa. s) 
(sec-1)I. 
I 
4.82 6.74 
i 
7.03 16.91 17.20 6.91 7.08 
15.14 5.08 1 5.21 1 5.04'1 5.16 15.01 5.17 
25.46 
35.78 
46.10 
56.42 
66.74 
77.06 
87.38 
97.70 
108.02 
118.34 
128.66 
4.70 
4.51 
4.41 
4.32 
4.26 
4.21 
4.16 
4.12 
4.08 
4.04 
4.00 
4.75 
4.54 
4.42 
4.34 
4.26 
4.19 
4.15 
4.10 
4.04 
4.00 
3.96 
4.64 
4.43 
4.31 
4.21 
4.14 
4.08 
4.05 
4.01 
4.01 
3.96 
3.91 
4.74 
4.51 
4.40 
4.31 
4.20 
4.14 
4.10 
4.07 
4.01 
3.95 
3.90 
4.63 
4.45 
4.32 
4.22 
4.14 
4.06 
4.08 
4.02 
3.97 
3.92 
3.88 
4.75 
4.53 
4.40 
4.29 
4.22 
4.16 
4.12 
4.08 
4.06 
4.01 
3.95 
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Table 4.6: Variation of Emefiner Original samples 
SHEAR RAZE I 
(SEC-1) I 
X1 
(Pa. s) I 
o1 
I 
%C OEFF OF VARIA'T'ION I 
(%) 
14.51 1 9.61 1 
. 
0.78 1 8.11 
29.03 8.43 0.61 7.27 
43.54 7.95 ,1 0.80 1 10.13 
58.05 7.53 0.68 9.04 
72.56 ý 7.13 0.61 8.50 
87.08 6.97 0.64 9.12 
101.59 6.79 0.60 8.88 
116.10 6.63 0.57 ý 8.65 
130.61 6.46 0.50 7.74 
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Table 4.8: Variation of Exrefiner Plus Total Lecithin 
Original samples. 
Shear rate I Average Apparent I Coefficient of Variation 
-1 (sec) I viscosity (Pa. s) I of original samples (%) 
7.26 I 8.54 ý 4.26 
14.51 I 7.34 I 3.82 
29.03 6.18 I 4.42 
43.54 I 5.74 I 3.41 
58.05 I 5.37 I 2.24 
72.56 I 5.12 ý 2.29 
87.08 ý 4.92 I 2.12 
101.59 I 4.81 I 2.15 
116.59 I 4.76 I 2.54 
127.71 4.74 I 2.25 
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Table 4.9: Analysis results of the original Samples. 
SAMPLE ý MOISTURE FAT PARTICLE SIZE 
CONTENT CONTENT %90 1 CS 
(%) I (%) I (um) I(m2/cm3)I 
Exliquefier ý 1.5 I 29.8 I 29.0 I 1.14 
Exrefiner I 1.7 I 29.5 28.9 I 1.12 
-I 
Exrefiner plus 
I. I I 
total lecithin ý 1.6 ý 29.8 ý 28.9 I 1.12 ý 
NB. CS is the specific surface area in m2/cm3. 
The ninety percentile figure (%90) is the size in tun, below which 
90% of the particles lie. 
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4.3.4 Discussion 
The results have been expressed in various ways to highlight any 
underlying trends. 
The variation in the original sample data (Tables 4.3,4.6,4.8) 
can easily be explained by: - melting and storage time variations; 
variations in the level of sample within the shear region; machine 
error (which is less than 2%, see Appendix 2). For ease of 
comparison the original sample flow curve, shown in the figures, is 
an average value of all the original flow curves, for that 
particular material. However all mathematical calculations use the 
relevant original sample data for that shear experiment. 
The Exliquefier flow curve was only measured up to 53.75 sec 
-1 
initially, this was extended for all subsequent experiments. 
The Exliquefier experiment was performed at processing levels which 
increased in increments of 50 Rpm, this was found to be unnecessary 
and so the following experiments were only performed at increments 
of. 100 Rpm. 
As expected the results show that as the processing level and time 
were increased, the flow curves dropped. At any processing level, 
the viscosity at the lower measuring shear rates decreases 
proportionately more rapidly initially than at the higher rates. 
The higher shear rates of the flow curve are related to the Bingham 
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and Casson Plastic Viscosities whilst the lower shear rates of the 
flow curve are related to the Bingham and Casson Yield Values. 
The Bingham and Casson models do not truly fit the data (the case 
with all York chocolates), however the Bingham model is a closer 
fit than the Casson model. Figures are given for these in the 
results, as these are used at Rowntree for data comparisons. 
Generally the reduction in Plastic Viscosity appears to level after 
30 minutes whereas the Yield value appears to show a "thickening 
effect" around the 30 minute stage. On investigating the change in 
apparent viscosity at high and low shear rates, it appears this 
"thickening effect" is a phenomena produced by using the Bingham 
and Casson models. This effect is explained by the apparent 
viscosity at high shear rates initially decreasing at a lower rate 
than the apparent viscosity at low shear rates (see Figures 4.7, 
4.10, and 4.13). The apparent viscosity at high shear rates comes 
to equilibrium after 30 minutes shear but the apparent viscosity at 
low shear rates continues to decrease over the full hour. 
Extended shear experiments were performed to establish the time 
required for the viscosity at the low shear rates to reach 
equilibrium. 
Many mathematical models were used to try to curve fit the data, 
but none gave a true fit. Hence basic data joining has been used 
for the flow curves. 
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Ex liquefier material: 
The flow curves for samples processed at 400 and 550 rpm (see 
Figures 4.2 and 4.3) showed evidence that shear thickening may 
occur. Figure 4.2 showed an increase between the flow curves of 45 
and 60 minutes processing at 400 Rpm. However the flow curve after 
75 minutes processing, decreased again to below the level of the 45 
minute flow curve. During the processing at 550 rpm (see Figure 
4.3) an increase was observed between the 30 and 45 minute flow 
curves, again further shearing caused the flow curve to decrease. 
Comparing the flow curves for all the shear rates after one hour 
shear (see Figures 4.4,4.5, and 4.6) it can be seen that 
processing at 550 rpm gave the lowest flow curve. Hence this is the 
optimum level at which shearing should occur, for the Exliquefier 
sample. 
Figure 4.7 shows the viscosity measured at 53.75 sec-1 levels after 
30 minutes processing, whereas the viscosity measured at the 4.3 
sec-1 continued to decrease for the whole hour of processing. Table 
4.4 shows the results of extending the time of shear. The sample 
was processed at 550 rpm for 3 hours. Figure 4.8 indicates the 
viscosity at 4.82 sec -1 reaches equilibrium after 100 minutes. This 
is similar to a phenomena found with a pharmaceutical lotion 
. 
(investigated by Figoni and Shoemaker 
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Refiner Sample: 
The material appeared to be unstable with large hysteresis loops. 
This is due to the low lecithin level and the absence of any 
previous work input. Despite the variation of the original samples 
(caused by the hysteresis arid instabilities) an average original 
sample flow curve (see Table 4.6) was used for the figures. 
Experimentation to investigate hysteresis loops is given in 
sections 5.3 and 5.4, which led to a recoatunendation for an analysis 
procedure to determine permanent work input in future experiments. 
Table 4.5 indicates the majority of viscosity reduction (work 
input) occurs in the initial 30 minutes and Figure 4.9 shows the 
aptirmnn prooessiM level to be 500 rpm. 
It is also evident that the viscosity at low, medium and high shear 
rates are all reduced considerably (see Figure 4.10). 
Refiner sample plus total Lecithin: 
Ontparing the flow curves for all the shear rates after 1 hour 
shear, it can be seen that a processing level of 400 rpm or above, 
offers the cQtiuuu flow curve (see Figures 4.11 and 4.12). 
Therefore the most ecorcmic level to use would be 400 rpm. 
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4.3.5 Conclusions 
The results show a work input stage may be introduced either 
immediately before the liquefying stage but after all the final 
additions have been made, or after the liquefying stage. The 
chocolate prior to final additions (i. e Exrefiner) is too unstable 
and viscous to handle in a consistent manner. 
The optimum viscosity flow curve (500 rpm for 60 minutes) for the 
Refiner plus Total Lecithin reaches a lower level than both the, 
Exliquefier original sample and that after equal processing. This 
implies an advantage is seen if the lecithin is added before it is 
subjected to higher shear work input, rather than low shear 
followed by high shear. 
The advantage of processing for 60 minutes rather than 30 minutes, 
in terms of viscosity reduction, would probably not be economical. 
The optimum work input level has been shown to be around 500 rpm 
(645sec 1) for 30 minutes. 
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4.4 Conclusions to Optimum Shear Rate Experiments. 
The tube flow experiment measures the viscosity of the sample at 
the high shear rate. This indicates how the sample behaves when 
undergoing high shear. 
The concentric cylinder experiment measures the viscosity of the 
sample after exposure to high shear. The results indicate how the 
sample has been effected by high shear. 
Both experiments show the level of work input to give optimum 
permanent viscosity reduction is approximately 500 rpm (645 sec-1). 
The concentric cylinder experiment shows that the processing time 
should be 30 minutes if a batch operation is employed. 
The results show that the viscosity of 'finished' Chocolate 
(Exliquefier) may be reduced by a further 15-20% using a shear 
rate of 709.5 sec -1 (550 rpm) for 30 minutes. 
Following these results work was carried out on processing 
machinery to achieve these shear rates and viscosity reductions. 
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INVESTIGATION OF MODEL CHOCOLATE SYSTEMS UNDER HIGH SHEAR, 
TO DETERMINE THE CAUSE OF SHEAR THINNING. 
5.1 Introduction. 
This report investigates the behaviour of model systems, composed 
of the main raw materials of milk chocolate, when subjected to 
shear. This was carried out to determine the relative influences of 
these on the total milk chocolate system. 
The milk chocolate used throughout the major part of the work 
described in this thesis, was composed of the following 
ingredients: - 
SUGAR 44% 
MILK 25.5% 
FAT -LECITHIN 0.5% 
-COCOA BUTTER 15% 
COCOA LIQUOR 14% 
FLAVOURS 1% 
The milk used in the chocolate recipe was 30% milk fat and 70% milk 
solids. The cocoa liquor was composed of 55% cocoa butter and 45% 
cocoa solid material. 
Milk chocolate is a multicomponent system and as such has a complex 
behaviour pattern. In order to simplify this model, systems made 
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from the major constituent ingredients were investigated 
independently as to their behaviour under shear. The relative shear 
thinning influences of each of the components on the resultant milk 
chocolate behaviour can then be calculated to determine whether 
this explains the results obtained for the complete chocolate. 
Two shear thinning mechanisms are likely: 
i) Coating of sugar and milk solid particles with fat to make them 
flow past one another. 
ii) Release of extra fat from the 'sponge ' like cells of the cocoa 
solid material. N. B. Cellular cocoa material are already coated 
with fat during the bean grinding. 
To determine the influence of these two effects, the two systems 
studied were cocoa liquor alone, and a mixture of sugar combined 
with cocoa butter and lecithin in order to give a fluid. Milk was 
excluded from the investigation in order to keep the systems 
simple. All the investigations were performed at 40°C, i. e. above 
the tempering regime, therefore there was no reason to suppose milk 
fat did not behave as cocoa butter. An assumption has been made 
that the milk solids behave as sugar solids, with regards to the 
flow properties of the system. 
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5.2 Experimental samples. 
The cocoa liquor sample was taken after the ball mill, which is the 
final liquor grinding stage (see Figure 1.3). This is the final 
stage where cocoa liquor may be sampled independently, although the 
particle size distribution may be coarser than that of the liquor 
in the final chocolate. 
The sugar with fat mixture was prepared in order to simulate the 
chocolate system. This required a sugar to cocoa butter ratio of 
68: 32 (where the sugar represents the total solids in the 
chocolate). However the resulting mixture was too viscous to 
handle. The fat content was increased until the systems viscosity 
approached that of chocolate. The final ratio used was 65: 35 sugar 
to cocoa butter. 
Lecithin (an emulsifying agent used in chocolate) was added at two 
different concentrations. This eliminates any flow variations 
caused by the lecithin. Milk chocolate contains 0.47% lecithin and 
lecithin is reported to act on the sugar particles 
(37). Thus the 
lecithin was added at the level used in chocolate (0.47%) and a 
scaled level to keep the lecithin to sugar ratio identical to that 
of chocolate (0.69%). 
The sugar and fat mix was prepared from granulated sugar and cocoa 
butter, originally in the ratio 67: 33. This was roll refined (see 
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Figure 1.2) to give a similar particle shape to that of chocolate. 
The mixture was split into two, the lecithin and extra cocoa 
butter was incorporated into each to give a final ratio of 65: 35 
sugar to cocoa butter, and mixed using a Melangeur pan (see Figure 
1.1). Each half had the same work input during processing, and 
addition times, and the pan was cleaned in between samples. 
Milk chocolate was also tested as a control. 
All four samples (cocoa liquor, 0.47% Lecithin in sugar and cocoa 
butter, 0.69% Lecithin in sugar and cocoa butter, and milk 
chocolate) were analysed for particle size distribution and 
moisture content. 
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5.3 Hysteresis and, Shear Thinning in Sugar and Cocoa Butter 
Mixtures. 
5.3.1 Introduction. 
When investigating rheograms of standard recipe milk chocolate, 
hysteresis is minimal, and analysis of the ascending and descending 
shear rates gives an insignificant viscosity difference. Rheograms 
of cocoa liquor show no hysteresis. This system, although 
particulate, has a relatively high liquid (fat) content (55%). 
However problems occur when dealing with sugar and cocoa butter 
systems. 
As described in section 5.2, the chocolate system was simulated by 
using sugar to represent the solids, and cocoa butter the liquid 
phase. The final ratio used was 65: 35 sugar to cocoa butter. 
On investigating the sugar and 'fat system, large hysteresis loops 
in the rheogram were. encountered, which posed problems of 
analysis, "in' particular where it was found that the hysteresis 
loops of consecutive rheograms were overlapped. An example of this 
occurred'during an experiment to determine the effect of shear on 
the sugar-and cocoa butter mixture (see Figure 5.1). 1 
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Figure 5.1: Hysteresis Loops seen when Investigating the Effect of 
Shear on the Sugar and Cocoa Butter Mixture. 
I 
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Rheogram 1 was measured, then the sample was sheared, at a 
relatively high shear rate for 15 minutes, the sample was remixed, 
and rheogram 2 was measured. 
The positions of the rheograms imply that a greater reduction 
occurs during the analysis (i. e The difference between the 
viscosity of the ascending and descending shear rate curves of 
Rheogram 1) than during the high shear experiment (i. e The 
difference between Rheogram 1 and 2). 
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Figure 5.1 indicates that the descending curve of rheogram 1 shows 
an apparently thinner viscosity than that of the ascending curve of 
the further processed sample (rheogram 2). Although it is possible 
that'some work is put into the sample at the maximum shear rate of 
rheogram l,; this could not be a permanent effect otherwise the 
ascending curve of, rheogram 2 would be lower than the descending 
curve -of rheogram-1. 
The extra apparent thinning on the descending curve of the rheogram 
was thought to be due to a temporary effect, possibly influenced by 
the viscometer; and not due to work input. 
The temporary thinning effect may have two possible causes: 
particle alignment or agglomeration. 
A series of experiments was devised to determine the relative 
influences of the- apparent temporary and permanent viscosity 
thinning, upon these, overlapping hysteresis loops of the rheograms. 
Thus the aim of this study is to find a good method of studying the 
sugar and cocoa butter model system, such that the permanent 
viscosity thinning is analysed and not the instrumental effect. 
Experimental reproducibility is a particular problem with dense 
(suspensions, as described by Woodcock . 
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5.3.2 Experimental Details. 
All the samples used, in the experiment were taken from a standard 
batch of 0.69% lecithin in sugar and cocoa butter. This was 
prepared using-- standard chocolate making techniques (see section 
5.1). All samples were melted at 60°C for 90 minutes prior to use, 
to remove any remaining-fat crystals. The sample moisture content 
and particle size distribution were monitored and found to be 
constant. 
The samples, were processed and analysed using the Contraves 
Rheomat 115 viscometer (see section 2.2.1). 
Combinations of the following four experimental procedures were 
used: 
1) Shear rate increased from O. to 100 Rpm over a period of 
10 minutes. 
-f Shear rate decreased from 100 Rpm to 0 over a period of 
10 minutes. 
2) Shear rate increased from 0 to 100 Rpm over a period of 
10 minutes. - - 
Sample remixed to disturb any possible instrumental 
effect. 
Shear rate increased from 0 to 100 Rpm over a period of 
10 minutes. 
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3) Shear rate increased from 0 to 100 Rpm over a period of 
10 minutes. 
;. 
Sample remixed to disturb any possible instrumental 
effect. 
Shear rate decreased from 100 Rpm to 0 over a period of 
10 minutes. 
4) Shear rate increased from 0 to 100 Rpm over a period of 
10 minutes, and repeat. 
These were combined as follows: 
Experiment 1: Procedure 1 - To show hysteresis loop. 
Experiment 2: Procedure 2,4 - To show level of work input 
then the influence of any 
instrumental effect on the 
ascending curve. 
Experiment 3: Procedure 1,1 - To show any instrumental 
effect and work input. 
Experiment 4: Procedure 3- To show any instrumental 
effect. 
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Experiment 5: Period of shear measurement increased to 20 
minutes on each pass. 
Procedure 1,1,1 - To show any instrumental 
effect and work input with an 
increased time. 
Experiment 6: Maximum shear decreased to 50 Rpm on each pass. 
Procedure 1,1,1 - To show any instrumental 
effect and work input with a. 
decreased maximum shear rate. 
Experiment 7: 
L ýý 
{- 
Experiment 8: 
d 
. _ý 
Maximum shear decreased to 50 Rpm. 
Procedure 2- To show work input under 
a reduced shear profile. 
Maximum shear decreased to 50 Rpm. 
Procedure 3- To show any instrumental 
effect under a reduced shear 
profile. 
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5.3.3 Results. 
Table 
Experiment 1: 5.1 
Experiment 2: 5.2 
Experiment 3: 5.3 
Experiment 4: 5.4 
Experiment 5: 5.5 
Experiment 6: 5.6 
Experiment 7: 5.7 
Experiment 8: 5.8 
Figure 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 
The moisture content of the samples remained constant at 0.2%, with 
the specific surface area 1.77 m2/cm3 and 90% of the particles 
below 15.9 pm. 
The measuring temperature was constant at 40°C (±0.1), as measured 
by the controlling water bath. 
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Table 5.1: Experiment 1. 
------------------------------------------- 
Shear Rate Viscosity (Pa. s) 
(sec-1) I UP II DOWN 
12.90 
25.80 
38.70 
51.60 
64.50 
77.40 
90.30 
103.20 
116.10 
129.00 
12.03 
7.56 
5.90 
5.00 
4.35 
3.89 
3.54 
3.27 
3.05 
2.87 
Table 5.2: Experiment 2. 
---- NI -----------I 10.44 ý 
0I 6.46 I 
I 5.01 I 
RI 4.25 I 
EI 3.80 I 
MI 3.51 I 
I( 3.26 I 
XI 3.05 I 
2.93 I 
------ 
2.87 
------------ 
I Shear Rate{ Viscosity (Pä. s) 
{ (sec-1) { 
- 
UP Up UP 
---{ {----- ----- {- 
{ 
---------- 
11.32 
{---{- ------- 
11.15 
--- {---{- ------ 
10.08 I 
25.80 { 7.25 7.08 {N{ 6.32 I 
{ 38.70 I 5.66 I{ 5.54 I0{ 4.95 { 
{ 51. '60 I 4.78 IR{ 4.69 I( 4.25 I 
{ 64.50 I 4.25 {EI 4.12 IRI 3.80 I 
{ 77.40 I 3.83 IMI 3.73 {EI 3.46 I 
90.30 3.49 (I I 3.44 {M( { 3.24 ý 
103.20 
ý 
3.22 Ix{ 3.18 I{ i ß 
1'16.10 I 3.05 II 2.99 IX 
: 7 
{ 129.00 I 
----------- 
2.87 
------ --- ------ 
2.80 
-------- 
II 
-------- 
2.73 
----------- 
Table 5.3: 'Experiment 3. 
-------------------------------------------------------- 
IShear Rate) Viscosity (Pa. s) 
I (sec-1) I UP II DOWN II UP II DOWN 
12.90 
25.80 
38.70 
51.60 
64.50 
77.40 
90.30 
12.91 
8.18 
6.37 
5.26 
4.63 
4.08 
3.72 
N 
0 
R 
E 
M 
11.23 
6.81 
5.28 
4.49 
4.00 
3.66 
3.41 
N 
0 
R 
E 
M 
10.97 ý 
6.72 I 
5.25 
4.42 ý 
3.93 
3.60 ý 
3.34 
N 
0 
R 
E 
M 
10.79 
6.50 
5.04 
4.27 
3.80 
3". 48 
3.24 
103.20 ( 3.42 I1 3.23 1I1 3.12 1I1 3.05 
116.10 I 3.18 IX 3.09 IX 2.95 1xI 2.92 
129.00 
----------- 
2.98 I( 
------------- 
2.99 ý( 
------------ 
2.80 ýI 
------------ 
2.80 
-------- 
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Table 5.4: Experiment 4. 
Shear Rate Viscosity 
(sec-1) I UP 
------------ ý- 12.90 I ---------- 11.41 ----I 
25.80 I 7.52 
38.70 I 5.62 
51.60 ý 4.77 fR 
64.50 I 4.19 E 
77.40 3.94 ýM 
90.30 I 3.59 II 
103.20 I 3.32 IX 
116.10 I 3.11 
129.00 ( 
-------------- 
2.92 
---------- ------- 
------------- 
(Pa. s) 
DOWN 
9.46 
6.01 
4.78 
4.11 ý 
3.71 
3.45 
3.25 
3.13 
3.05 
3.01 I 
------------- 
Table 5.5: Experiment S. 
---------------------------------------------------------- 
II (Pa. s) .I 
Shear Rate 
(sec-1) 
12.90 
25.80 
38.70 
51.60 
64.50 
77.40 
, 
Rheogram 
UP 
10.79 
6.99 (N 
5.46 0 
4.56 
4.00-ý R 
3.63 
90.30 I 3.35 
103.20 I 3.12 II 
116.10 I 2.93 IX 
129.00 1 
------------ 
2.77- 
------------ 
1 IRheograml IRheograml 
DOWN 1 f2ý I3I 
9.55 I I 9.02 8.67 
5.93 ( N ( 5.57 I N 5.39 ý 
I 0 I 4.36. 0 4.22 
4.00 J 3.76 I 3.63 
3.57 I R 3.34 R I 3.24 
3.32 IE ý 3.07 E ( 2.96 
3.11 IM 2.87 I M I 2.77 
2.96 II I 2.70 I I 2.62 
2.85 X 2.57 X 2.49 
2.76 
-------- 
ý 
---- 
I 2.46 I 
---------- --- 
I 2.39 
---------- 
Table 5.6: Experiment 6. 
VISCOSITY (Pa. s) 
IShear Ratel Rheogram 1 )Rheograml IRheograml 
(sec-1) I UP I I DOWN I2 
-- 
3 
----------I 2.58 1 -------I 39.80 1 --- I 1 ------- I 37.15 1 II 1 35.38 1 -- 
I--- 
( 35.38 I 
7.74 1 . 17.98 I NI 15.92 I N I 15.33 I N I 14.89 I 
12.90 1 12.47 10 I 10.70 1 0 10.35 1 0 I 10.08 I 
18.06 I 9.86 II 8.47 I I 8.21 I 7.96 I 
23.22 I 8.35 IRI 7.22 I R 6.98 R I 6.78 
28.38 I 7.40 IE 6.35 E 6.19 E 1 5.99 I 
33.54 I 6.60 IM 5.78 I M 5.61 I M I 5.44 I 
38.70 I 6.01 II 5.37 I 5.19 I 5.01 I 
43.86 I 5.51 x 5.02 ýx 4.84 I x I 4.68 I 
49.02 5.12 II 4.77 I I 4.56 I 4.42 I 
54.18 1 4.82 II 4.57 ( I 4.34 I I 4.21 
59.34 I 4.53 II 4.40 I I 4.15 I I 4.04 I 
64.50 I 
------------ 
2.98 
------- 
I 
----- 
I 4.28 
------- 
I 
---- 
4.00 I 
---------- -- 
I 3.86 I 
----------- 
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Table 5.7: Experiment 7. 
Shear Rate Viscosity (Pa. s) 
(sec-1) ý UP ý UP ý 
ý--------ý ----- ----------- 
35.38 34.50 
ý 
7.74 ( 16.22 I I 15.63 
12.90 ý 11.50 10.97 
18.06 ý 9.29 IR I 8.84 ý 
23.22 ( 7.86 ýE 7.52 
28.38 ý 6.91 ýM 6.67 
33.54 ý 6.26 ýI 5.99 
38.70 I 5.69 Ix 5.51 ý 
43.86 5.26 5.10 
49.02 4.94 4.79 
54.18 I 4.59 I I 4.55 
59.34 I 4.35 I ý 4.31 ý 
64.50 I 
-------------- 
4.12 
----------- ----- 
4.09 
-------------- 
Table 5.8: ExI 
-------------- 
Shear Rate 
(sec-1) 
------------ 
2.58 
7.74 
12.90 
18.06 
23.22 
28.38 
33.54 
38.70 
43.86 
49.02 
54.18 
)eriment 8. 
Viscosity (Pa. s) 
UP II DOWN 
37.15 Iý 37.15 
17.40 II 16.22 
12.21 I( 10.97 ý 
9.73 ýRI 8.66 
8.21 E 7.32 
7.20 IM 6.51 
6.46 ýI 5.92 ý 
5.84 IX 5.48 ý 
5.36 Iý 5.15 
5.03 I( 4.89 
4.70 ý 4.68 
5y. J4 4.46 4.53 
64.50 I 4.19 I(4.60 
-------------------------------------------- 
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5.3.4 Discussion. 
Experiment-1 shows the extent of hysteresis encountered when 
analysing rheograms of the test sugar and fat system (Figure 5.2), 
highlighting the need for a critical understanding of the 
influences affecting the system. The average deviation of the 
ascending and descending curves is 9.9% (see Table 5.1). 
Experiment 2 shows the influence of work input on the ascending 
section of the rheogram (Figure 5.3). The difference between the 
curves is minimal, the average deviation is 2.2%, and would 
indicate very little work input is being encountered during the 
analysis of the ascending rheogram. Leaving the sample unmixed and 
reanalysing the ascending curve, shows a large average deviation of 
7.7%, indicating the extent to which the instrumental effect 
(possibly due to effects like particle alignment or agglomeration) 
causes hysteresis. 
Experiment 3 performs the analysis twice without remixing (Figure 
5.4). The average deviation of the first rheogram is 10.2% and of 
the second is 2.5%. This may be explained by the instrumental 
effect reaching a plateau after the first rheogram is performed, 
with the second rheogram deviation being caused almost totally by 
work input. 
In experiment 4 the ascending curve is performed as a reference for 
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the descending curve. Remixing between the two sections eliminates 
particle alignment, hence at the higher shear rates the descending 
curve appears thicker than the ascending curve (Figure 5.5). At the 
start of the descending curve the system conforms to the gap 
between the viscometer due to the speed of the viscometer. The 
subsequent curve is similar to that in Figure 5.2. 
The rheograms of experiment 5 are performed over 20 minutes (Figure 
5.6). Thus doubling the time for work input and instrumental 
effects. The average deviation of rheogram 1 is 8.8%, however 
rheograms 2 and 3 show no deviation, which indicates that the 
instrumental effect has reached a plateau. The rheograms show a 
progressive thinning due to the work input, which is greater than 
in experiment 3 (Figure 5.4), due to the extended time used. The 
rheograms are also lower than in experiment 3 due to the longer 
time of analysis, possibly giving rise to a completed instrumental 
effect and increased work input. 
Experiment 6 enlarges the lower section of the standard rheogram, 
by recording data from 0 to 50 Rpm over a 10 minute period (Figure 
5.7). The average deviation of rheogram 1 is 9.9%, whereas 
rheograms 2 and 3 show no deviation. The deviation between the 
rheograms is lower than in experiments 3 and 5 (Figures 5.4 and 5.6 
respectively). This is due to less work input as the maximum speed 
has been reduced for this experiment. 
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The average deviation of the curves in experiment 7 (Figure 5.8) 
is 3.9%. For a direct comparison of the curve deviation shown in 
experiments 2 and 7 (Figures 5.3 and 5.8 respectively), identical 
shear rates must be used. This gives a deviation of 2.2% for 
experiment 2, and 2.9% for experiment 7. Any instrumental effects 
were reduced to a minimum ixing between analyses. 
Experiment 8 is similar to experiment 4 except that the maximum 
speed used is 50 Rpm (64.5 sec-1). Hence the particles are slower 
to align at the start of the descending curve, shown by a greater 
overlap of the ascending and descending curves (Figure 5.9), than 
in experiment 4 (Figure 5.5). 
164 
5.3.5 Conclusions. 
In a rheogram from 0 to 100 Rpm (0 
period, and then decreasing from 11 
period, the majority of deviation is 
The permanent thinning accounts for 
apparent thinning. 
to 129 sec 
1) 
over a 10 minute 
00 to 0 Rpm over a 10 minute 
apparently a temporary effect. 
less than one third of the 
After a twenty minute analysis period the instrumental effect 
reaches a plateau. 
In experiments devised to determine the effect of work input on 
sugar and fat mixes, the use of the standard measuring 
technique (12) is obviously not applicable because the descending 
curve appears to be strongly related to changes brought about by 
the measuring system. In order to obtain information about the 
relative effects of work input on a system, a comparison of the 
ascending curve would appear to be more valid. It is desirable to 
measure this over as large a shear rate as possible and so the 
range 0 to 100 Rpm is preferred. This should be performed over a 
maximum of 10 minutes to minimise the recording of temporary 
thinning. 
Experiments 3 and 5 show the equilibrium measurement on the system. 
Although this technique would normally be used deliberately to 
characterise a system, it has been avoided in this case as it is 
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the result of a combination of two effects. For this study only the 
effect of the permanent viscosity thinning caused by work input is 
required. 
The problem of measuring the permanent effect of thinning, caused 
by work input, and not the temporary effect, possibly caused by the 
measuring device, has not been fully solved with this modified 
technique. There is still an instrumental problem at the upper end 
of the rheogram, as shown in Figures 5.4 and 5.9. However this 
modified analysing technique is an improvement on the general 
hysteresis averaging which is supplied with most viscometer 
software packages. 
The actual cause of the hysteresis loop was not determined by this 
series of experiments, hence further experiments were performed to 
investigate the cause of the hysteresis loop (section 5.4). 
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5.4 Investigation into the Causes of the Hysteresis Loop. 
5.4.1 Introduction. 
Following the results of section 5.3, a study into the causes of 
the hysteresis loop was undertaken. 
It is possible that three different effects, either particle 
alignment due to the measuring system, particle alignment due to 
lecithin, or agglomeration, may have occurred during the analysis 
measurement, thus causing hysteresis. 
The affect of changing the type of measuring system (i. e concentric 
cylinder or parallel plate) was investigated, to determine whether 
particle alignment had been caused by this. 
If particle alignment had been occurring during the analysis then 
the presence of lecithin, an emulsifying agent, would aid the 
alignment thus increasing the hysteresis. However the presence of 
other solids, such as cocoa, would reduce the alignment due to the 
reduced flow properties. A dark (no milk) chocolate without 
lecithin was investigated and the results compared to the sugar and 
cocoa butter mixtures with different lecithin levels, a standard 
milk chocolate, and a sample of cocoa liquor. These results would 
indicate whether the presence of lecithin had been increasing the 
hysteresis. 
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The presence of lecithin would make 
as would the presence of other 
whether agglomeration had been tl 
mixtures of sugar with fats 
investigated, hence determining the 
polarity on the level of hysteresis. 
agglomeration more difficult, 
solids. In order to ascertain 
ze cause of the hysteresis, 
of different polarity were 
influence of the dispersant 
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5.4.2 Measuring System Experiment. 
Two types of measuring system were employed: a concentric cylinder 
with a lm gap, and a4 cm parallel plate. 
Identical samples of sugar in cocoa butter without lecithin were 
placed in each and analysed using identical procedures. 
The samples were analysed at 400C, a 30 second temperature 
equilibration time was incorporated after sample loading. The shear 
rate was increased from 0 to 129 sec -1 over 10 minutes, followed by 
a hold time of 30 seconds, and then decreased from 129 to 0 sec 
1 
over 10 minutes. 
Figures 5.10 and 5.11 show that hysteresis occurred with both 
systems, implying that particle alignment caused by the measuring 
system had not been the major cause of hysteresis, in this case. 
Hysteresis loops with both concentric cylinder, and cone and plate 
measuring systems have also been observed by Cheng(7 when 
investigating a well stirred system of spherical particles up to a 
density of 70%. 
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5.4.3 Lecithin Level Experiment. 
All the samples were analysed, at 40°C, in the Contraves concentric 
cylinder viscometer, which has a gap of 1mm. The analysis 
procedure used for this experiment was identical to that in section 
5.4.2. 
A dark chocolate without lecithin (see Figure 5.12) was analysed 
and compared to a standard milk chocolate (see Figure 5.13), cocoa 
liquor (see Figure 5.14), sugar and cocoa butter without lecithin 
(see Figure 5.10), and sugar and cocoa butter with 0.69% lecithin 
(see Figure 5.2). 
A comparison of figures 5.2 and 5.10 show that an increased level 
of lecithin in a sugar and cocoa butter mixture reduces hysteresis. 
However Figures 5.12,5.13, and 5.14 which have different levels of 
lecithin show no hysteresis problem. These results would imply 
that lecithin is not the major cause of hysteresis, for this 
system. 
Increasing the lecithin level would reduce hysteresis, possibly by 
a coating mechanism. If the sugar particles are coated with liquid 
then alignment would occur more easily and agglomeration would be 
harder to achieve. These effects are to be expected since lecithin 
is an emulsifying agent. 
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5.4.4 Dispersant Polarity Experiment. 
Following the results of section 5.4.3, experiments were performed 
with sugar dispersed in fats of different polarity (no lecithin 
was used in any of the mixtures). The fats were chosen since their 
polarity lies either side of that of cocoa butter. 
Paraffin was used as a less polar oil and propylene glycol as a 
more polar oil than cocoa butter. Each were added at a 
concentration of 40% and 35%. Cocoa butter was also used at 
concentration of 40% to give a direct comparison with the results 
of section 5.3. The mixtures were prepared in an identical manner 
to the previous samples (see section 5.2) to ensure particle size 
distribution and particle shape were identical. Analysis procedures 
were also the same as in section 5.4.2. 
Figures 5.2 and 5.15 show that the cocoa butter at 40% 
concentration gave less hysteresis than at 35% concentration. This 
would indicate that agglomeration rather than alignment is 
probably the cause of the hysteresis. Figures 5.16 and 5.17 show 
that the propylene glycol gave no hysteresis problems. However the 
paraffin was too viscous, even at 40% concentration, to measure in 
the viscometer. The preparation of this sample also caused great 
problems in both the melangeur pan and the refiner, with the sample 
separating out and requiring a large power input for processing. 
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These results indicate that the more polar the continuous medium, 
the less hysteresis is seen, since less agglomeration is occurring. 
Less agglomeration may be occurring between the sugar particles 
since other charged molecules are present, which may interfere with 
the sugar particles affinity for one another. If a non polar medium 
is used then the sugar only has itself to interact with, causing 
agglomeration and hence hysteresis. 
Van Ootegher(64) also found that the polarity of the continuous 
medium affects the shear stress behaviour of vaseline. 
5.4.5 Conclusions. 
It is clear from this series of four experiments that the 
dispersant polarity will determine the level of hysteresis seen in 
the analysis of a sugar and fat system. 
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5.5 Investigation of the Relative Influences of Cocoa Liquor, and 
Sugar with Cocoa Butter mixes, on the Behaviour of Milk 
Chocolate under Shear. 
5.5.1 Introduction. 
An investigation into the behaviour of the main raw materials of 
milk chocolate when subjected to shear, was undertaken. Thus 
indicating the relative influences of these on the total milk 
chocolate system. 
5.5.2 Experimental Procedure 
The sample details are given in section 5.1 and 5.2. 
Each sample was subjected to identical testing, after melting at 
60°C for 1 hour. 
The analysis (or rheogram) procedure and the processing procedure 
are outlined below. 
Appendix 6 gives evidence that temporary particle a5 J,, mera[j,, M occurs 
during the viscosity analysis procedure. This can be reduced by 
remixing the sample with a spatula prior to any analysis 
measurements. 
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Rheogram procedure: 
Measure at 40°C. 
Preshear at 7 sec -1 for 2 minutes, to ensure sample is 
homogeneous, without introducing work input. 
Measure rheogram from 0 to 129 sec over 10 minutes. 
Processing procedure: 
Measure rheogram. 
Shear sample for 15 minutes at 129 sec -1 and 40°C. 
Remix sample, to prevent particle agqýOMerotcn 
Measure rheogram. 
ucý 
Repeat until sample has been sheared for 60 minutes. 
Load new sample. 
Repeat experiment using increasing shear rate steps of 129 
sec -1 until 903 sec 
1. 
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5.5.3 Results. 
Sugar and cocoa butter (0.47% Lecithin) Tables 5.9 - 5.15 
Figures 5.18 - 5.27 
Sugar and cocoa butter (0.69% Lecithin) Tables 5.16 - 5.22 
Figures 5.28 - 5.37 
Cocoa Liquor Tables 5.23 - 5.29 
Figures 5.38 - 5.47 
Milk Chocolate Tables 5.30 - 5.36 
Figures 5.48 - 5.57 
% Reduction of Rheograms Tables 5.37 - 5.39 
Moisture Content and 
Particle Size Distribution Table 5.40 
The % reduction of the rheograms has been calculated in order to 
ascertain whether the reduction seen by the model systems, when 
subjected to shear input, account for the reduction seen in the 
rheogram for the Milk Chocolate, when subjected to shear input. 
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Table 5.9: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 100 rpm (129 sec-1). 
--------------------------------------------------- 
Time I0ý 15 I 30 ( 45 ( 60 
(min) 
------------------------------------------------- Shear 
Rate ý Viscosity (Pa. s) 
(sec-1) 
--------- 
6.45 
--------- 
16.27 
-------- 
13.09 
-------- 
12.03 
-------- 
11.68 
------- 
11.32 
12.90 110.97 I 8.76 ý 7.87 7.61 7.25 
25.80 I 7.69 ý 6.15 I 5.48 I 5.31 5.04 
38.70 ý 6.16 I 5.07 ý 4.54 I 4.39 I 4.16 
51.60 I 5.13 I 4.42 ý 4.02 I 3.82 I 3.69 
64.50 I 4.49 I 3.98 ( 3.64 I 3.47 3.38 v 
77.40 I 4.02 I 3.64 ý 3.36 I 3.21 I 3.16 
90.30 I 3.64 I 3.36 I 3.15 I 3.03 I 2.96 
j 103.20 I 3.35 ý 3.15 3.01 I 2.93 ( 2.82 ý 
116.10 I 3.11 I 2.97 I 2.85 I 2.78 I 2.72 
129.00 
---------- 
I 2.97 
-------- 
I 2.81 I 
--------- 
2.71 
------- 
I 2.68 
-------- 
I 2.62 1 
--------- 
Table 5.10: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 200rpm (258 sec-i). 
--------------------------------------------------- 
Time 0I 15 I 30 ( 45 ( 60 i 
(min) 
------------------------------------------------- 
Shear I 
Rate Viscosity (Pa. s) 
(sec-1) 
--------- 6.45 --------- 115.74 1 -------- 12.03 1 -------- 11.32 1 -------- 11.32 1 ------- 11.14 I 
12.90 110.61 I 8.14 I 7.25 I 7.08 I 6.90 ( 
25.80 I 7.39 I 5.39 I 5.00 I 4.86 4.69 I 
38.70 I 5.90 I 4.45 I 4.13 4.04 I 3.89 I 
51.60 I 5.02 I 3.94 3.65 I 3.58 I 3.40 
64.50 I 4.39 ( 3.54 I 3.34 I 3.27 I 3.15 I 
77.40 I 3.98 I 3.33 I 3.11 I 3.07 I 2.95 I 
90.30 I 3.63 I 3.13 I 2.93 I 2.88 I 2.78 I 
103.20 I 3.36 I 2.96 I 2.78 I 2.76 I 2.68 
116.10 I 3.15 I 2.81 I 2.67 I 2.64 I 2.54 I 
129.00 
---------- 
I 2.95 
-------- 
I 2.69 
-------- 
I 2.56 
-------- 
I 2.55 
-------- 
I 2.46 
--------- 
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Table 5.11: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 300 rpm (387 sec-1). 
---------- 
Time 
--------- 
I0 
-------- 
15 I 
-------- 
30 
--------- 
45 I 
------- 
60 I 
(min) I 
--- ------ --------- Shear 
--------- I -------- -------- ------ 
Rate Viscosity (Pa. s) I 
(sec-1) I 
- --------- 6.45 --------- 114.50 1 ------- 11.68 --------- 110.61 --------- 10.26 1 10.26 I 
12.90 I 9.91 I 7.52 I 6.90 I 6.55 I 6.55 
25.80 6.99 I 5.22 I 4.69 I 4.51 I 4.42 
38.70 I 5.69 I 4.33 I 3.83 I 3.71 I 3.63 
51.60 I 4.86 I 3.85 ý 3.45 ý 3.27 I 3.18 
64.50 I 4.37 3.50 I 3.15 I 3.01 I 2.94 
77.40 I 3.95 I 3.24 2.92 I 2.80 I 2.77 
90.30 I 3.64 I 3.06 I 2.79 I 2.65 2.62 I 
103.20 I 3.37 I 2.92 I 2.65 I 2.54 I 2.52 I 
116.10 I 3.17 I 2.78 I 2.55 I 2.45 I 2.42 
129.00 1 2.99 1 2.65 1 2.45 1 2.37 I 2.32 
Table 5.12: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 400rpm (516 sec-1). 
---------- 
Time 
--------- 
I0I 
-------- 
15 I 
--------- 
30 1 
------- 
45 
-------- 
60 I 
(min) 
--- 
I 
--- -- -- -- -- ---- Shear ------ I -------- --------- -- - I 
Rate I Viscosity (Pa. s) 
(sec-1) 
- --------- 6.45 -------- 115.57 --------- 111.67 1 --------- 10.61 1 ------- 10.26 1 - 10.08 I 
12.90 110.79 I 7.43 I 6.81 I 6.54 I 6.37 I 
25.80 I 7.69 I 5.17 I 4.69 I 4.47 I 4.33 I 
38.70 I 6.19 I 4.27 I 3.83 I 3.66 I 3.54 I 
51.60 I 5.17 3.76 I 3.36 I 3.23 I 3.10 I 
64.50 I 4.56 I 3.40 I 3.08 I 2.95 I 2.83 I 
77.40 I 4.07 I 3.16 I 2.88 I 2.76 I 2.65 I 
90.30 I 3.71 I 2.97 I 2.72 I 2.62 I 2.53 I 
103.20 I 3.43 I 2.82 I 2.59 I 2.50 I 2.41 1 
116.10 I 3.19 I 2.68 I 2.48 I 2.39 I 2.33 I 
129.00 I 3.01 I 2.58 I 2.39 1 2.30 I 2.26 I 
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Table 5.13: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 500 rpm (645 sec-1). 
--------------------------------------------------- 
Time I0I 15 ( 30 I 45 ý 60 
(min) 
------------------------------------------------- 
Shear 
Rate Viscosity (Pa. s) 
(sec-1) 
--------- 6.45 --------- 116.27 
12.90 110.61 
25.80 I 7.69 
38.70 I 6.16 
51.60 I 5.18 
64.50 I 4.48 
77.40 I 4.02 
90.30 ( 3.64 
103.20 ( 3.31 
116.10 ý 3.11 
129.00 
---------- 
I 2.94 
--------- 
--------- 
11.38 
-------- 
10.70 
-------- 
10.26 I 
------- 
9.90 
7.09 I 6.90 ( 6.45 I 6.20 
4.73 I 4.59 4.29 I 4.13 
3.87 I 3.42 I 3.52 I 3.37 
3.40 3.16 3.07 I 2.97 
3.10 2.96 ý 2.81 I 2.74 
2.88 I 2.76 I 2.61 2.54 
2.74 ( 2.61 I 2.49 2.41 
2.61 2.50 I 2.36 I 2.30 
2.50 2.41 I 2.28 I 2.22 
2.41 
--------- 
I 2.34 I 
-------- 
2.21 
-------- 
2.16 
-------- 
Table 5.14: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 600rpm (774 sec-1). 
---------- 
Time 
--------- 
0ý 
-------- 
15 
--------- 
30 
------- 
45 I 
-------- 
60 
(min) 
--------- Shear --------- -------- --------- ------- -- 
Rate Viscosity (Pa. s) 
(sec-1) 
--------- 
6.45 
--------- 
( 17.69 1 
-------- 
11.67 1 
--------- 
10.61 1 
------- 
10.26 1 
-- 
10.08 
12.90 111.85 I 7.43 I 6.72 ý 6.37 ý 6.37 
25.80 I 8.14 I 5.04 I 4.60 I 4.25 I 4.16 ý 
38.70 I 6.40 I 4.10 I 3.71 I 3.48 I 3.39 
51.60 I 5.33 I 3.58 I 3.25 I 3.05 ( 2.98 
64.50 I 4.60 ý 3.27 I 2.95 I 2.78 ý 2.72 
77.40 I 4.10 I 3.04 I 2.74 ý 2.58 I 2.54 
90.30 f 3.71 ý 2.86 2.58 I 2.44 ý 2.39 
103.20 I 3.41 I 2.71 ý 2.45 I 2.32 I 2.29 
116.10 3.17 I 2.58 I 2.34 2.22 2.19 
129.00 
---------- 
I 2.99 
-------- 
I 2.48 
-------- 
I 2.25 
---------- 
2.17 
------ 
I 2.12 
--------- 
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Table 5.15: Sugar and Cocoa Butter (0.47% Lecithin) 
Shear at 700 rpm (903 sec-i). 
---------- 
Time 
--------- 
ý0I 
-------- 
15 I 
---------- 
30 I 
-------- 
45 ( 
------ 
60 
(min) 
- --------- Shear --------- -------- ---------- ------- ----- 
Rate ( Viscosity (Pa. s) 
(sec-1) ý 
---- --------- 
6.45 
--------- 
116.27 1 
------- 
10.61 
----------- 
10.26 
------- 
8.84 ý 
-- 
8.84 
12.90 ý 10.96 I 7.08 I 6.37 I 5.84 5.84 
25.80 ( 7.78 I 4.73 I 4.33 ý 3.94 I 3.94 
38.70 I 6.25 I 3.83 3.57 3.24 I 3.24 
51.60 ý 5.22 ( 3.40 I 3.14 I 2.85 I 2.85 
64.50 I 4.60 I 3.08 2.87 ý 2.62 2.62 
77.40 4.13 I 2.86 I 2.65 I 2.43 2.43 
90.30 I 3.75 ( 2.72 I 2.50 ( 2.32 ( 2.32 
103.20 I 3.47 ( 2.61 I 2.39 I 2.21 ( 2.21 
116.10 I 3.22 ( 2.47 I 2.29 ( 2.14 I 2.14 
129.00 I 3.04 1 2.37 1 2.22 1 2.06 1 2.06 
Table 5.16: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 100rpm (129 sec-1). 
--------------------------------------------------- 
Time 0I 15 I 30 ( 45 ý 60 
(min) 
-------------------------------------------- 
Shear I 
Rate I Viscosity (Pa. s) 
(sec-1) 
---------- 6.45 
12.90 
25.80 
38.70 
51.60 
64.50 
77.40 
90.30 
103.20 
116.10 
129.00 
--------- 
17.69 
-------- 
15.92 ( 
-------- 
15.04 ý 
-------- 
14.86 
11.32 ý 9.82 I 9.20 9.02 
7.43 ( 6.37 I 5.97 5.84 
5.87 ( 5.15 I 4.79 4.65 
4.77 ( 4.33 I 4.07 ( 3.93 
4.17 3.82 3.68 I 3.54 
3.77 I 3.54 I 3.30 3.24 
3.44 I 3.28 I 3.08 I 3.08 
3.18 ý 3.05 I 2.92 I 2.92 
2.99 I 2.87 2.79 ( 2.75 
2.83 
-------- 
I 2.76 
--------- 
I 2.65 
------- 
I 2.65 
--------- 
14.51 
8.84 
5.70 
4.56 
3.89 
3.54 ý 
3.24 ý 
3.03 
2.87 
2.71 
2.62 
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Table 5.17: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 200 rpm (258 sec-i). 
---------- --------- 
0ý ( 
-------- 
15 ý 
-------- 
30 ( 
--------- 
45 I 
------- 
60 
(min) 
- --- 
. 
- - ----- - ------ 
Shear ' 
- ------ (. 1 -------- -------- -------- 1 
Rate "' I. Viscosity (Pa. s) + ' 
(sec-i) l , 
------ --------- 6.45 --------- 117.16 f -------- 14.86 1 -------- 13.80 1 --------- 14.15 1 14.15 
12.90 110.88 ý 9.02 ý 8.49 8.14 I 8.14 
25.80 I 7.25 5.93 5.48 ý 5.31 I 5.31 ý 
38.70 I 5.75 I 4.79 I 4.43 ( 4.25 I 4.12 
51.60 ( 4.68 ý 4.06 I 3.80 I 3.63 I 3.54 ý 
64.50 I 4.10 ( 3.68 ý 3.39 I 3.26 ( 3.18 
77.40 I 3.71 I 3.36 ( 3.12 I 3.01 I 2.95 
90.30 I 3.44 I 3.13 I 2.93 I 2.83 I 2.73 j 
103.20 ( 3.18 ý 2.92 I 2.79 I 2.65 I 2.61 
116.10 I 2.95 ( 2.75 I 2.63 ý 2.56 I 2.48 
129.00 
---------- 
I 2.76 
-------- 
I 2.65 
-------- 
I 2.51 
-------- 
I 2.48 I 
---------- 
2.41 
------- 
Table, 5.18: - Sugar and Cocoa Butter (0*. 69% Lecithin) 
Shear at 300rpm (387 sec-1). 
---------- 
Time 
--------- 
I0ý 
-------- 
15 I 
--------- 
30 I 
------- 
45 ý 
-------- 
60 1 
(min) 
--------- Shear --------- -------- --------- ------- -- 
Rate I Viscosity (Pa. s) 
(sec-1) 
--------- 6.45 -------- 115.74 --------- 14.50 1 --------- 13.44 1 ------- 13.09 -- 12.74 
12.90 ( 9.82 8.67 I 8.13 I 7.08 I 7.08 ý 
25.80 I 6.44 I 5.57 I 5.31 I 4.95 I 4.95 
38.70 I 5.27 I 4.56 ý 4.13 ( 4.01 ( 3.89 
51.60 I 4.33 3.80 I 3.54.1 3.45 3.36 
64.50 I 3.82 1 3.39 1 3.18 I 3.11 ( 3.08 
77.40 I 3.48 I 3.12 I 2.95 ( 2.83 I 2.77 
90.30 I 3.23 I 2.93 I 2.78 ( 2.68 I 2.58 
103.20 I 3.01 I 2.74 I 2.56 I 2.52 2.48 
116.10 I 2.83 I 2.59 I 2.48 I 2.40 I 2.32 
129.00 I 2.69 I 2.48 I 2.37 I 2.30 ý 2.23 
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Table 5.19: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 400 rpm (516 sec-1). 
----------- 
Time 
-------- 
0I 
-------- 
15 I 
-------- 
30 I 
--------- 
45 ý 
------- 
60 
(min) 
- -- - 
I 
----- ----- -- Shear -- ----- I -------- -------- --------- - .I 
Rate I Viscosity (Pa. s) ( 
(sec-1) 
---- --------- 
6.45 
--------- 
118.57 1 
------- 
14.86 
--------- 
113.44 
--------- 
12.74 1 
-- 
12.74 
12.90 111.32 I 8.85 I 8.14 I 7.78 I 7.42 I 
25.80 7.43 I 5.48 5.13 4.95 4.78 
38.70 I 5.87 I 4.36 I 4.13 I 3.89 I 3.77 ý 
51.60 ý 4.69 I 3.71 I 3.54 3.36 I 3.27 
64.50 I 4.03 3.33 3.11 ( 3.04 2.97 
77.40 I 3.60 3.07 I 2.89 I 2.77 I 2.71 I 
90.30 I 3.34 2.83 I 2.68 I 2.58 2.53 I 
103.20 I 3.05 2.65 I 2.52 2.43 I 2.39 I 
116.10 I 2.83 I 2.55 I 2.40 I 2.32 I 2.28 I 
129.00 
---------- 
( 2.69 
-------- 
( 2.41 
-------- 
I 2.30 
-------- 
( 2.23 I 
---------- 
2.16 ( 
------- 
Table 5.20: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 500rpm (645 sec-1). 
------------------------------------------ 
(min) 
ý0ý 15 j 30 ý 45 ý 60 
-------------------------------------------- 
Shear I 
Rate I Viscosity (Pa. s) 
(sec-i) 
--------- 6.45 --------- 123.29 -------- 18.39 -------- 16.81 -------- 15.09 ------- 14.26 
12.90 ( 12.90 I 9.99 I 9.38 ( 8.47 ( 8.06 
25.80 I 7.93 6.09 ý 5.75 5.29 I 5.01 
38.70 ý 6.19 I 4.83 ( 4.49 4.22 3.97 
51.60 I 5.08 I 4.16 ( 3.76 ( 3.54 I 3.35 
64.50 I 4.42 3.70 I 3.32 ( 3.16 I 2.99 
77.40 I 3.94 I 3.36 ý 3.02 I 2.88 2.72 
90.30 I 3.58 ( 3.11 ( 2.80 I 2.68 I 2.54 
103.20 I 3.29 I 2.91 ( 2.63 f 2.54 ý 2.40 
116.10 I 3.08 I 2.75 ( 2.51 2.40 ý 2.28 
129.00 
---------- 
ý 2.89 
-------- 
I 2.61 
-------- 
( 2.39 
-------- 
I 2.30 
-------- 
I 2.18 
--------- - 
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Table 5.21: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 600 rpm (774 sec-i). 
------------------- 
Time. --' ý_0 ___ 
-------- 
15 I 
-------- 
30 I 
--------- 
45 I 
------- 
60 ý 
(min) 
= 
.... j -= - 
ý 
- --- ----- Shear__. -- ----- ý.. _ý_. . ---- -- -------- --------- ----- 
Rate I Viscosity (Pa. s) I 
(sec-1) I 
------ --------- 
6.45 
--------- 
17.25 1 
-------- 
15.39 
-------- 
114.50 
--------- 
113.80 1 13.44 I 
12.90 110.61 ý 9.20 I 8.49 8.13 7.96 ý 
25.80 6.85 I 5.84 I 5.26 5.13 I 5.04 I 
38.70 I 5.47 I 4.57 I 4.13 I 4.04 I 4.01 I 
51.60 I 4.59 3.89 I 3.54 I 3.45 3.40 
64.50 I 4.07 I 3.45 I 3.20 I 3.08 I 3.04 I 
'77.40 I 3.67 I 3.16 I 2.92 I 2.80 I 2.80 I 
90.30 I 3.34 I 2.93 2.72 I 2.60 2.60 1 
103.20 I 3.10 I 2.75 I 2.56 ý 2.48 I 2.45 
1-116.10 - I 2.91 1 2.61- 1 2.45 1 2.38 I 2.33 I 
1129.00 
---------- 
I 2.76 
-------- 
I 2.48 
-------- 
I 2.34 
-------- 
I 2.26 I 
---------- 
2.23 ( 
------- 
_ýr'. } 
Table 5.22: Sugar and Cocoa Butter (0.69% Lecithin) 
Shear at 700rpm (903 sec-i). 
--------------------------------------------------- 
Time 0 15 30 ý 45 60 1 
(min) 
I ---------- 
II Shear ., I 
-------- 
. 
-------- --------- ------- ------- 
Rate I Viscosity (Pa. s) 
(sec-1) 
---- ---------- '6.45 ------- 116.80 --------- 112.74 1 
--------- 
12.74 ( 
------- 
12.74 
--- 
12.74 
12.90 110.44 7.61 I 7.61 7.61 I 7.61 
25.80 ý 6.90 I 4.78 ý 4.78 I 4.78 4.78 
38.70 I 5.51 I 3.77 1 3.77 I 3.77 3.77 
51.60 I 4.51 I 3.27 I 3.27 I 3.27 ý 3.27 
64.50 I 3.96 I 2.97 I 2.97 I 2.97 2.97 
77.40 I 3.54 I 2.71 ( 2.71 2.71 ý 2.71 
90.30 I 3.23 2.53 I 2.53 I 2.53 2.53 
1'103.20- I 3.01 I -2.39- 1 2.39 I 2.39 2.39 
1116.10 I 2.83 I 2.28 I 2.28 I 2.28 I 2.28 
1 129.00 
---------- 
I 2.69 
-------- 
ý 2.19 
-------- 
I 2.19 I 
---------- 
2.19 
------ 
ý 2.19 
--------- 
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Table 5.23: Cocoa Liquor 
Shear at 100 rpm (129 sec-1) 
--------------------------------------------------- 
Time 15 I 30 I 45 I 60 - (min) 
------ ------------------------------------------- 
Shear 
Rate I Viscosity (Pa. s) 
(sec-1) 
---------- 4.82 ý -------- 5.23 ( -------- 5.11 -------- 4.99 -------- 4.70 I ------- 5.11 
15.14 I 4.19 ý 4.29 ý 4.19 ý 4.08 ( 4.21 
25.46 I 3.99 I 4.09 ( 3.99 I 3.93 ý 4.02 
35.78 I 3.89 I 3.99 I 3.91 I 3.86 ( 3.91 
51.26 ý 3.78 ý 3.89 3.83 I 3.79 ý 3.81 
66.74 I 3.72 I 3.81 I 3.73 I 3.71 3.73 
77.06 I 3.69 I 3.76 I 3.68 3.66 I 3.71 
92.54 I 3.65 I 3.70 I 3.62 I 3.60 ( 3.65 
102.86 I 3.63 ( 3.67 I 3.57 I 3.56 I 3.61 
118.34 I 3.62 I 3.60 I 3.51 I 3.49 I 3.56 ý 
128.66 
---------- 
I 3.58 I 
--------- 
3.56 ý 
-------- 
3.47 I 
-------- 
3.44 I 
-------- 
3.52 
-------- 
Table 5.24: Cocoa Liquor 
Shear at 200 rpm (258 sec-i) 
Time I 0I 15 I 
------- 
30 I 
------ 
45 I 
-------- 
60 
(min) 
----- ---------- Shear I -------- -------- ---------- ------ -- 
Rate I Viscos ity (Pa. s) (sec-1) I 
-- ---------- 
4.82 I 
-------- 
5.23 I 
-------- 
5.34 I 
---------- 
6.15 I 
------ 
5.98 I 
----- 
5.81 I 
15.14 I 4.19 I 4.30 4.54 4.42 I 4.31 I 
25.46 I 3.99 I 4.08 I 4.20 I 4.11 I 3.99 I 
35.78 I 
. 
3.89 I 3.97 I 4.03 3.94 I 3.86 I 
51.26 I 3.78 I 3.87 I 3.91 I 3.80 I 3.74 
66.74 I 3.72 3.78 I 3.80 I 3.70 I 3.63 
77.06 I 3.69 I 3.74 I 3.75 I 3.65 I 3.59 I 
92.54 I 3.65 I 3.68 I 3.69 I 3.58 ý 3.52 I 
102.86 I 3.63 I 3.64 I 3.64 I 3.54 I 3.47 I 
118.34 I 3.62 I 3.57 I 3.56 I 3.47 I 3.40 j 
128.66 I 
----------- 
3.58 I 
-------- 
3.53 I 
-------- 
3.52 I 
---------- 
3.42 I 
------ 
3.36 I 
-------- 
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Table 5.25: Cocoa Liquor 
Shear at 300 rpm (387 sec-1) 
------------ 
'-Time - 
------- 
-0I 
-------- 
15 I 
---------- 
30 ý 
------ 
45 I 
-------- 
60 
(min), 
uw. _, 
I... 
-. 
--------. ---r----- ------------------ ------ ------- Shea r. I ... Rate " "-'I Viscos ity (Pa. s) 
(sec-1) I 
------ ------- ----------- 4.82 I ------- 5.23 I -------- 5.05 I ---------- 4.82 I 4.59 3.89 
15.14 I 4.19 I 4.16 I 4.03 I 3.90 f 3.66 I 
25.46 I 3.99 I 3.93 I 3.82 I 3.73 I 3.58 I 
35.78 I 3.89 I 3.82 I 3.71 I 3.64 I 3.53 I 
51.26 I 3.78 I 3.70 3.62 I 3.56 I 3.47 
66.74 I 3.72 3.64 I 3.54 I 3.49 I 3.38 I 
77.06 I 3.69 I 3.59 I 3.49 I 3.45 I 3.35 I 
92.54 I 3.65 I 3.54 I 3.43 I 3.38 I 3.30 I 
102.86 I 3.63 I 3.49 I 3.38 I 3.34 3.25 I 
118.34 I 3.62 3.42 I 3.32 I 3.28 I 3.23 I 
128.66 I 
----------- 
3.58 I 
-------- 
3.38 I 
-------- 
3.27 I 
---------- 
3.24 I 
------ 
3.19 I 
-------- 
Table 5.26: Cocoa Liquor 
Shear at 400 rpm (516 sec-1) 
--------------------------------------------------- 
Time 0I 15 I 30 I 45 I 60 
(min) 
------------------------------------------------- Shear ý 
Rate Viscosity (Pa. s) 
(sec-1) 
---------- 
4.82 
-------- 
5.23 
-------- 
5.05 ( 
-------- 
4.94 
-------- 
4.82 
--. 53 
- 
4 
15.14 I 4.19 4.30 ( 4.08 I 3.99 I 3.79 
25.46 I 3.99 I 4.09 ( 3.90 I 3.77 3.61 
35.78 ( 3.89 1 3.98 I 3.81 I 3.67 I 3.52 
51.26 I 3.78 I 3.89 I 3.69 I 3.57 ( 3.44 
66.74 I 3.72 I 3.80 3.61 I 3.48 ý 3.36 
77.06 I 3.69 I 3.74 I 3.56 I 3.43 I 3.33 
92.54 " ) 3.65 I 3.66 I 3.51 I 3.37 ( 3.29 
102.86 ( 3.63 I 3.62 ý 3.50 I 3.33 3.26 
118.34 I 3.62 ý 3.55 ( 3.42 ( 3.27 ( 3.21 
128.66 
---------- 
I 3.58 I 
--------- 
3.49 ý 
-------- 
3.39 ( 
-------- 
3.23 I 
-------- 
3.17 
------- 
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Table 5.27: Cocoa Liquor 
Shear at 500 rpm (645 sec-i) 
--------------------------------------------------- 
Time 
,I0ý 
15 ( 30 ý 45 1 60 ý 
ý (min) 
------------------------------------------------- 
Shear Iý 
j Viscosity (Pa. s) j 
(satel) 
--------- 4.82 --------- ý 5.23 
15.14 I 4.19 
25.46 I 3.99 
35.78 I 3.89 
51.26 I 3.78 
66.74 I 3.72 
77.06 I 3.69 
92.54 ( 3.65 
102.86 ( 3.63 
118.34 ý 3.62 
128.66 I 
----------- 
3.58 
-------- 
--------- 
4.93 I 
-------- 
4.70 I 
-------- 
4.53 ý 
------- 
4.59 
4.18 I 3.95 I 3.73 ( 3.75 
3.96 I 3.78 3.56 I 3.57 
3.86 I 3.67 I 3.48 f 3.46 
3.77 I 3.56 3.39 ý 3.36 
3.70 I 3.48 3.31 I 3.29 
3.66 I 3.43 I 3.26 I 3.24 ý 
3.58 I 3.37 ý 3.21 ( 3.17 
3.53 I 3.32 I 3.17 I 3.11 
3.47 I 3.25 ý 3.11 I 3.05 
3.42 ý 
--------- 
3.21 I 
-------- 
3.07 I 
-------- 
3.01 
-------- 
Table 5.28: Cocoa Liquor 
-Shear at 600 rpm-(774 sec-1) 
----------- 
Time 
-------- 
0I 
-------- 
15 I 
---------- 
30 I 
------ 
45 I 
-------- 
60 
(min) 
ý 
---------- 
Shear. -------- -------- ---------- ------ ------- 
Rate I Viscos ity (Pa. s) (sec-1) 
---- - ------ 
4.82 I 
------ - 
5.23 1 
-------- 
5.05 I 
---------- 
4.99 I 
------ 
4.70 
------- 
4.35 I 
15.14 I 4.19 I 4.27 I 4.08 I 3.86 3.51 
25.46 I 3.99 I 4.05 I 3.88 I 3.69 I 3.32 I 
35.78 I 3.89 I 3.94 I 3.78 I 3.58 I 3.22 
51.26 I 3.78 ,1 3.83 I 3.63 I 3.48 I 3.14 ý 
66.74 I 3.72 I 3.73 I 3.51 ý 3.38 I 3.06 
77.06 ( 3.69 ( 3.67 3.47 I 3.33 I 3.04 
92.54 ý 3.65 ( 3.60 I 3.44 ý 3.26 I 3.00 
102.86 3.63 3.57 I 3.37 3.20 ý 2.97 
118.34 I 3.62 I 3.48 I 3.29 3.12 I 2.93 ý 
128.66 I 
----------- 
3.58 I 
-------- 
3.43 ý 
-------- 
3.23 I 
---------- 
3.07 I 
------ 
2.88 
-------- 
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Table 5.29: Cocoa Liquor 
Shear at 700 rpm (903 sec-1) 
----------- 
Time I 
-------- 
0ý 
-------- 
15 ( 
---------- 
30 I 
------ 
45 I 
-------- 
60 
(min) j 
- ----- --- -------ý (---- 
Shear I ----- -------- ---------- ------ I 
Rate I Viscos ity (Pa. s) 
(sec-1) I 
---- ---------- 
4.82 
-------- 
5.23 ý 
-------- 
5.11 ý 
---------- 
4.94 I 
------ 
4.54 I 
--- 
4.59 
15.14 I 4.19 ý 4.23 J 3.99 ý 3.79 f 3.64 
25.46 ý 3.99 I 4.02 3.78 ý 3.47 ( 3.41 
35.78 3.89 I 3.89 3.65 ý 3.39 3.29 
51.26 3.78 3.76 ( 3.55 ( 3.30 3.19 
66.74 I 3.72 ý 3.64 I 3.43 I 3.21 ý 3.12 
77.06 I 3.69 I 3.59 ý 3.37 ( 3.18 I 3.07 
92.54 I 3.65 I 3.52 I 3.29 ý 3.10 ( 3.02 
102.86 I 3.63 ý 3.46 I 3.25 I 3.07 I 2.97 
118.34 ý 3.62 ý 3.39 I 3.18 2.98 I 2.91 ý 
128.66 I 
----------- 
3.58 I 
-------- 
3.34 ( 
-------- 
3.14 I 
---------- 
2.94 ( 
------ 
2.87 
-------- 
Table 5.30: Standard Milk Chocolate 
Shear at 100 rpm (129 sec-1) 
----------- 
Time 
-------- 
0ý 
-------- 
15 I 
---------- 
30 ý 
------ 
45 
-------- 
60 
(min) 
- - - ------- - -- ----- Shear I -------- - 
-------- 
- 
---------- ----- I 
Rate Viscos ity (Pa. s) 
(sec-1) 
- ----- -------- - 
4.82 I 
-------- 
-8.71 I 
-------- 
-. 8.30 I 
---------- 
8.19 I 
------ 
8.13 1 
-- 
7 96. 
15.14 6.45 6.17 6.02 ý 5.95 5.86 
25.46 I 5.96 I 5.71 I 5.56 I 5.49 I 5.39 
35.78 ý 5.79 I 5.56 I 5.38 I 5.28 ý 5.21 
51.26 I 5.64 I 5.47 I 5.27 I 5,13 I 5.10 
66.74 I 5.51 I 5.40 I 5.15 I 4.97 I 4.97 
77.06 ( 5.44 f 5.30 5.09 ( 4,88 ( 4.92 
92.54 I 5.34 I 5.32 ý 5.05 ý 4.77 I 4.87 
102.86 I 5.26 I 5.24 I 5.05 4.71 ( 4.92 ý 
118.34 I 5.17 5.15 I 5.00 ( 4.67 ( 4.89 
128.66 I 5.18 ý 5.10 1 4.96 1 4.71 I 4.87 
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Table 5.31: Standard Milk Chocolate 
Shear at 200 rpm (258 sec-1) 
--------------------------------------------------- 
Time 0I 15 ý 30 I 45 I 60 ý 
(min) 
---------- 
Shear -------- -------- ---------- ------ ------- 
Rate I Viscos ity (Pa. s) 
(sec-1) 
-------- - -- 4.82 I - ------ 8.65 ý -------- 8.30 ý ---------- 8.19 ý 
------ 
8.13 I 
------- 
8.01 
15.14 ý 6.41 6.12 ý 5.91 5.86 5.80 
25.46 I 5.94 ( 5.64 ( 5.42 I 5.38 ý 5.36 
35.78 I 5.76 ý 5.42 5.21 I 5.17 I 5.16 
51.26 I 5.65 5.30 5.08 I 5.01 ( 5.02 
66.74 I 5.. 56 ý 5.18 I 4.94 ý 4.90 ý 4.88 
77.06 I 5.48 I 5.14 I 4.87 I 4.88 I 4.84 
92.54 I 5.42 I 5.09 I 4.79 I 4.86 I 4.82 
102.86 I 5.31 ( 5.02 ý 4.74 C 4.85 ý 4.81 
118.34 ( 5.21 I 4.97 ý 4.65 ý 4.81 ( 4.77 
128.66 I 
----------- 
5.19 I 
-------- 
4.93 I 
-------- 
4.67 ( 
---------- 
4.77 ( 
------ 
4.73 
-------- 
Table 5.32: Standard Milk Chocolate 
Shear at 300 rpm (387 sec-1) 
----------- 
Time ý 
-------- 
0ý 
-------- 
15 ý 
---------- 
30 I 
------ 
45 I 
-------- 
60 ý 
(min) 
-- ---------- 
Shear 
-------- -------- ---------- ------ ----- 
Rate ( Viscos ity (Pa. s) 
(sec-1) ý 
---------- 4.82 ý -------- 9.71 ý -------- 9.17 I ---------- 8.71 ( ------ 8.42 ý ------- 8.42 
15.14 I 7.56 ( 6.52 ( 6.28 ( 6.11 6.06 
25.46 ( 6.95 ( 5.93 I 5.72 I 5.58 I 5.51 
35.78 ý 6.70 I 5.68 I 5.46 ( 5.31 5.28 
51.26 I 6.46 I 5.47 I 5.29 I 5.06 I 5.13 
66.74 I 6.26 I 5.35 I 5.14 I 4.93 ý 5.01 
77.06 ( 6,15 I 5.27 ý 5.11 I 4.88 4.97 
92.54 I 5.97 I 5.20 ( 5.04 ( 4.79 4.90 
102.86 ý 5.85 I 5.18 ý 5.01 I 4.79 I 4.84 
118.34 ( 5.72 I 5.12 I 5.00 ý 4.82 I 4.79 I 
128.66 ( 
----------- 
5.60 I 
-------- 
5.07 I 
-------- 
4.94 I 
---------- 
4.77 ý 
------ 
, 4.76 
-------- 
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Table 5.33: Standard Milk Chocolate 
Shear at 400 rpm (516 sec-1) 
---------- 
Time 
--------- 
0 
-------- 
15 ý 
---------- 
30 1 
------ 
45 1 
-------- 
60 
(min) 
-------------------------- ---------- ------ ------- shear 
e ý Viscos ity (Pa. s) l) (sat 
----- -- -- 
4.82 
--------- 
110.10 I 
-------- 
9.23 I 
---------- 
8.13 ý 
------ 
8.36 I 
------- 
8.25 
15.14 I 7.61 ý 6.71 ý 5.97 I 6.02 I 5.95 
25.46 I 7.01 ý 6.12 ý 5.46 I 5.47 ( 5.39 
35.78 I 6.75 I 5.84 ý 5.23 I 5.22 I 5.14 
51.26 I 6.51 I 5.62 I 4.99 I 5.04 I 4.96 
66.74 ý 6.26 I 5.46 ý 4.84 I 4.91 4.85 
77.06 ý 6.14 ý 5.36 I 4.77 I 4.85 I 4.79 
92.54 ( 6.04 I 5.28 I 4.69 I 4.77 ( 4.71 
102.86 ý 5.93 I 5.22 I 4.66 I 4.73 ý 4.67 
118.34 I 5.74 ( 5.16 I 4.62 ý 4.67 I 4.62 ý 
128.66 
---------- 
ý 5.72 I 
--------- 
5.12 I 
-------- 
4.76 I 
---------- 
4.62 I 
------ 
4.57 
-------- 
Table 5.34: Standard Milk Chocolate 
Shear at 500 rpm (645 sec-1) 
---------- --------- 
0 
-------- 
15 I 
---------- 
30 ( 
------ 
45 
------- 
60 ý 
(min) 
---- 
ý 
- ---- shear --------- I -------- ---------- ------ ------- I 
Rate I Viscos ity (Pa. s) I (sec-1) 
---- 
I 
- ---- 
4.82 
--------- 
110.10 I 
-------- 
9.06 I 
---------- 
8.59 I 
------ 
8.19 I 
------- 8.36 I 
15.14 I 7.61 I 6.50 I 6.10 I 5.84 I 5.99 I 
25.46 I 7.01 I 5.90 I 5.50 I 5.32 I 5.46 I 
35.78 I 6.75 I 5.61 I 5.24 I 5.06 I 5.20 I 
51.26 I 6.51 I 5.36 I 5.06 I 4.86 I 4.97 I 
66.74 I 6.26 I 5.19 I 4.94 I 4.75 4.78 
77.06 I 6.14 I 5.12 I 4.88 I 4.70 I 4.74 
92.54 I 6.04 I 5.06 I 4.81 I 4.61 I 4.60 I 
102.86 I 5.93 I 5.12 I 4.76 I 4.58 I 4.58 
118.34 I 5.74 I 5.05 I 4.70 I 4.54 4.51 I 
128.66 I 5.72 I 5.00 I 4.66 1 4.50 1 4.49 I 
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Table 5.35: Standard Milk Chocolate 
Shear at 600 rpm (774 sec-1) 
----------- 
Time I 
-------- 
0ý 
-------- 
15 1 
---------- 
30 
.1 
------ 
45 1 
-------- 
60 ý 
(min) I I 
------------------ -------- ---------- ------------- 
Shear I I 
Rate I Viscos ity'(Pa. s)' 
(sec-1) I 
--- --- --------- 4.82 --------- ý 10.57 ý -------- 8.94 ý ---------- 8.25 I ------ 8.36 ý 8.19 
15.14 I 7.87 I 6.39 I 5.95 I 5.97 I 5.91 I 
25.46 I 7.24 I 5.78 I 5.38 I 5.39 I 5.38 I 
35.78 I 6.96 I 5.52 I 5.15 I 5.14 I 5.13 I 
51.26 I 6.69 I 5.30 I 4.95 I 4.92 I 4.90 
66.74 I 6.42 ( 5.15 I 4.84 I 4.78 I 4.75 I 
77.06 I 6.30 I 5.08 I 4.78 ý 4.72 I 4.67 I 
92.54 I 6.10 I 5.02 I 4.71 I 4.64 I 4.61 I 
102.86 I 5.98 I 4.96 I 4.68 I 4.58 I 4.61 ý 
118.34 I 5.83 I 4.89 I 4.63 I 4.56 I 4.55 I 
128.66 
---------- 
I 5.70 I 
--------- 
4.86 I 
-------- 
4.60 I 
---------- 
4.53 I 
------ 
4.51 I 
-------- 
Table 5.36: Standard Milk Chocolate 
Shear at 700 rpm (903 sec-1) 
----------- 
Time 
eý 
-------- 
0I 
-------- 
15 I 
---------- 
30 ý 
------ 
45 1 
-------- 
60 
(min) 
----- ---------- 
S hear 'I -------- -------- ---------- ------ 
-- I 
Rate 'Viscos ity (Pa. s) 
(sec-1) 
--- ---------- 
4.82 ý 
-------- 
9.93 ý 
-------- 
8.59 I 
---------- 
8.07 
------ 
8.19 
---- 7.84 
15.14 I 7.42 I 6.17 I 5.76 ý 5.89 5.76 
25.46 I 6.87 ý 5.57 I 5.21 ý 5.32 ý 5.27 
35.78 I 6.64 1 5.31'1 4.95 1 5.05 f 5.01 
51.26 I 6.43 I 5.12 I 4.75 ( 4.84 ( 4.79 
66.74 I 6.22 ( 4.99 ( 4.62 I 4.69 ( 4.64 
77.06 I 6.06 I 4.92 ý 4.58 ( 4.64 ( 4.60 
92.54 I 5.91 I 4.84 I 4.51 I 4.55 I 4.53 
102.86 I 5.81 ý 4.81 I 4.47 I 4.50 ý 4.49 
118.34 ( 5.66 I 4.75 I 4.43 I 4.45 I 4.43 
128.66 I 
----------- 
5.56 ý 
-------- 
4.71 I 
-------- 
4.41 I 
---------- 
4.41 ( 
------ 
4.45 r 
-------- 
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Table 5.37: Percentage Reduction in Viscosity of Sugar and Cocoa 
Butter Mixtures, Processed at 516 sec-1 in a Concentric 
Cylinder Viscometer. 
Analysis) 
Shear 
Rate 
(sec ) 
After 15 
0.47% lec 
% Reduction in 
mins shear 
1 
0.69% lec 
the Viscosity 
I After 60 
1 
0.47% lec 
mins shear 
1 
0.69% lec I 
6.45 25.0 20.0 I 35.2 31.4 
12.90 31.1 21.9 41.0 I 34.4 
19.35 32.7 22.2 42.7 I 33.3 
25.80 32.8 26.2 43.7 35.3 
32.25 I 33.2 I 26.1 43.9 I 35.9 
38.70 30.9 25.7 42.8 35.8 
45.15 29.6 23.5 41.7 32.4 
51.60 27.3 20.8 40.2 30.2 
58.05 27.0 20.0 39.5 I 27.3 
64.50 I 25.6 I 17.5 38.0 I 26.3 
70.95 24.2 I 16.9 I 36.6 25.4 
77.40 22.5 I 13.4 I 34.8 24.6 
83.85 21.3 14.3 33.6 23.8 
90.30 20.1 15.1 32.0 24.2 
96.75 I 18.9 I 13.4 30.8 22.4 
103.20 17.7 13.1 I 29.7 21.8 
109.65 16.7 10.0 28.4 20.0 
116.10 16.0 9.7 27.1 19.4 
122.55 15.6 10.8 26.0 I 18.9 
129.00 14.1 I 10.5 25.0 19.7 
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Table 5.38: Percentage reduction in the Viscosity of the Cocoa Liquor 
and Chocolate, Processed at 516 sec-1 in a Concentric 
Cylinder Viscometer. 
Analysis) % Reduction in Viscosity 
Shear 
Rate After 15 mins shear After 60 minn shear 
(sec 1) cocoa liquor 
ý 
chocolate cocoa liquor 
I 
chocolate 
0.17 0.0 -12.5 50.0 12.5 4.82 3.3 8.6 13.3 18.4 
9.98 -1.3 10.2 11.3 20.7 
15.14 -2.6 11.9 9.7 21.8 
20.30 -2.4 11.9 10.1 22.4 
25.46 -2.4 12.7 9.4 23.0 
30.62 -2.8 13.4 9.1 23.4 
35.78 -2.2 13.5 9.5 23.8 
40.94 -2.3 13.8 9.2 24.0 46.10 -3.0 14.3 8.8 24.2 
51.26 -3.0 13.7 8.8 23.9 56.42 ( -2.6 13.8 8.7 23.5 61.58 -2.6 13.6 9.3 23.1 66.74 -2.2 12.8 9.5 22.5 
71.90 -1.7 12.7 9.9 22.2 
77.06 -1.2 12.6 9.7 22.0 
82.22 -1.6 12.1 9.5 21.6 
87.38 -1.1 11.9 10.0 I 21.5 92.54 -0.3 12.5 9.9 I 21.9 
97.70 -0.3 12.0 10.7 ý 21.3 
102.86 0.2 11.9 10.3 21.1 
108.02 0.6 11.4 10.5 20.5 
113.18 0.9 10.4 10.7 19.7 j 
118.34 1.9 10.1 ( 11.3 19.5 
123.50 1.7 9.5 ý 11.0 19.1 
128.66 2.4 10.6 ( 11.6 20.1 
N. B. Negative % reduction figures imply an increase has occurred. 
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Table 5.39: Average % reduction for each system sheared at 516 sec 1. 
SAMPLE I AVERAGE % REDUCTION I 
After 15 minsl After 60 minsl 
i 
CHOCOLATE 11.15 21.45 
CHOCOLATE (shear rates below 10 sec 1)) 2.1 I 17.2 
CHOCOLATE (shear rates above 120 sec 1)I 10.05 9.6 1 
COCOA LIQUOR -0.95 11.6 I 
SUGAR AND COCOA BUTTER (0.47% LEC) I 24.12 35.64 I 
SUGAR AND COCOA BUTTER (0.69% LEC) I 17.56 I 27.13 I 
SIMULATED CHOCOLATE SYSTEM USING : 
{ 0.86% OF SUGAR AND FAT FIGURES 
+ 0.14% OF COCOA LIQUOR FIGURES j 
A) 0.47% LECITHIN 
B) 0.47% LECITHIN 
(shear rates below 10 sec 1) 
C) 0.47% LECITHIN 
(shear rates above 120 sec 1) 
D) 0.69% LECITHIN 
20.61 
21.59 
13.07 
14.97 
32.27 
33.76 
23.51 
24.96 
E) 0.69% LECITHIN 
(shear rates below 10 sec 1) 17.29 
F) 0.69% LECITHIN I 
(shear rates above 120 sec 1) I 9.45 
30.49 
18.18 
N. B. Negative % reduction figures imply an increase has occurred. 
The shear rate of 516 sec-1 was chosen since this is within the range 
for optimum viscosity reduction for milk chocolate (see chapter 4). 
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Table 5.40: Moisture content and Particle Size Distribution. 
SAMPLE I MOISTURE I PARTICLE SIZE I 
CONTENT I %90 I CS 
MI (}gym) (m2/ 3) 
Milk Chocolate I 1.5 30.9 1.11 I 
Cocoa Liquor I 2.0 
I 
23.2 
I 
1.16 I 
I I 
Sugar and Cocoa 
I 
II I I 
Butter 0.8 I 15.9 1.77 
(0.47% lecithin) II I I 
Sugar and Cocoa (I I I 
Butter I 0.7 15.5 1.85 I 
(0.69% lecithin) II I I 
NB. CS is the specific surface area in m2/cm3. 
The ninety percentile figure (%90) is the size in 10, below which 90% 
of the particles lie. 
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5.5.4 Discussion. 
The experimental procedure used was developed in section 5.3, with 
additional care being taken to minimise sedimentation and particle 
aj lom 41c (evidence for this is given in appendix 6). 
The two sugar and cocoa butter systems were prepared using identical 
methods (sections 5.1 and 5.2), with two levels of lecithin being 
represented giving a two fold advantage. Firstly it would indicate the 
effect of shear on lecithin. Secondly it eliminates the problems of 
whether lecithin acts on the sugar or the total solids. 
Despite attempts to achieve a particle size distribution similar to 
chocolate, the sugar systems are much finer (Table 5.40). The cocoa 
liquor has a distribution between that of the chocolate and the sugar 
systems. 
The moisture contents (Table 5.40) vary greatly between the different 
materials due to the difficulty of controlling this property during 
sample preparation. During the experiment, however, the moisture 
content of each sample remained constant. 
Comparisons between samples have been made by studying the trends shown 
in the graphs. The data is expressed in two forms of graph. The first 
represents the rheogram at 15 minute intervals during a particular 
level of shear input or processing. The second type of graph further 
242 
analyses the rheogram, by taking the apparent viscosity seen at a low, 
medium, and high shear rate of the rheogram, and indicates the change 
in viscosity with time of shear input. 
The apparent viscosity at the low shear rate indicates how the yield 
value is affected (i. e the SIe required to initiate flow). The 
apparent viscosity at the medium and high shear rates are more related 
to the plastic viscosity (i. e the 5L-ress required to sustain flow at a 
particular level). 
Hence the second type of graph will be referred to as the 'analysis' 
graph. The analysis curve gives an indication of whether further 
reduction is likely in the rheogram and which section is reduced the 
most by the high shear (work input). 
The data for both the sugar and cocoa butter systems was collected via 
a chart recorder attached to the Contraves concentric cylinder 
viscometer, whereas the data for the cocoa liquor and milk chocolate 
was collected after the computer facility of the Contraves concentric 
cylinder viscometer had been purchased. Hence the actual shear rates 
quoted in the tables for these materials differ, but the same range of 
shear rates is represented, since the same analysis procedure was used 
for all samples. 
h 5.18 F £31) 
Comparing the rheograms and analysis curves of the two sugar 
and cocoa 
butter systems, it is evident that the level of lecithin has not 
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affected the trend of the response of these systems to shear input. The 
0.69% lecithin system is seen to be thinner than the 0.47% lecithin 
system. This . is expected since lecithin is an emulsifying agent used to 
aid flow. 
The rheograms (Figures 5.18-5.24,5.28-5.34,5.38-5.44,5.48-5.54) all 
show similar trends, the shear stress, and hence the viscosity, all 
reduce with time of shear input. This is due to work input as all other 
changes have been accounted for (i. e. constant particle size 
distribution, moisture content and fat content). 
The analysis curves for each sample show similar trends although the 
thinner samples tend to show relatively less response to shear input. 
The absolute reduction is indicated in Tables 5.37 and 5.38, where 
again the thinner samples show less reduction. 
For both of the sugar and cocoa butter systems the analysis curve at 
each processing rate show the same trend (Figures 5.25-5.27 and 5.35- 
5.37). The apparent viscosity at the low shear rate (6.45 sec-1) 
continues to lower over the full 60 minute period. The apparent 
viscosity at the medium (64.5 sec-1) and high (129 sec 
1) 
shear rates 
drop to a constant value at 15 minutes. 
The analysis curves of the cocoa liquor at a shearlinput of 129 sec 
-l 
and 516 sec-1 (Figures 5.45 and 5.46 respectively) show no 
effect of 
the shear input, this is also seen when investigating the relevant 
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rheograms (Figures 5.23 and 5.26 respectively). The time of shear input 
only reduces the rheogram to a very small extent. However the apparent 
viscosity curves, in the analysis graph of 774 sec-1 shear input 
(Figure 5.47), show a gradual drop over the whole 60 minutes. 
Two different effects are occurring when shearing the model systems. 
For the sugar and cocoa butter, energy is required to coat the sugar 
particles. The results indicate that the majority of coating occurs in 
the first 15 minutes. For the cocoa liquor, energy is required to 
release fat from the cellular material, which is a much more even 
process. 
The analysis curves for the milk chocolate processed at 129 sec -1 
(Figure 5.55) show a slight change over the 60 minute period. However 
processing at 516 sec-1 and 774 sec -1 shows all three curves of the 
analysis graphs (Figures 5.56 and 5.57) to drop over the initial 30 
minute period, and then to level, indicating equilibrium has been 
reached. 
Section 5.1 details milk chocolate to be composed of: 44% sugar; 14% 
cocoa liquor; 26% milk; 16% fat. In this experiment the milk, which is 
30% solids and 70% fat, is regarded as sugar and cocoa butter. This 
gives the rough breakdown of chocolate ingredients to be: 86% sugar and 
cocoa butter; 14% cocoa liquor. Thus the % reduction figures are 
combined in this ratio to simulate the chocolate system (Table 5.39). 
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The % reduction has been calculated on a point-wise basis for the 516 
sec-l processing shear rate after 60 minutes and 15 minutes, for each 
sample (Tables 5.37-5.38). This shear rate was chosen as it lies within 
the optimum shear rate range for milk chocolate viscosity reduction 
(see chapter 4). From these an average % reduction has been calculated 
in order to combine the data in the ratio used for the milk chocolate 
recipe (Table 5.39). 
Table 5.39 shows that the % reduction of the whole rheogram after 60 
minutes for the chocolate is of the same order as that for the 
simulated systems. This implies that the behaviour of chocolate under 
shear input can be modelled by the two systems in this way. However the 
data for the reduction seen in the whole rheogram after the first 15 
minutes processing, although of the same order do not predict the 
behaviour as accurately. This may be explained by the chocolate already 
having had some work input during manufacture (i. e in the conche and 
liquefier). 
The data given in Tables 5.37 and 5.38 for the % reduction seen after 
15 minutes processing are much lower than those for after 60 minutes 
shear. The cocoa liquor data shows a slight increase which may be 
explained by experimental error, which in real terms indicates no 
change is occurring. 
To further investigate the reduction in the rheogram after shear of 
each sample, the shear rates below 10 sec -1 and above 120 sec-1 were 
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compared and combined in a identical manner as previously, to simulate 
the chocolate system. 
The shear rates below 10 sec-1 of the simulated systems did not give an 
accurate prediction of the chocolate behaviour for either the 15 or 
the 60 minute shear period. This may be explained by the sugar and 
cocoa butter system being more fine than the chocolate (see Table 
5.40). The specific surface area of the sugar systems are greater than 
for the chocolate, which would cause the viscosity at the lower shear 
rates to be affected. 
The shear rates above 120 sec-1 did, however, give an accurate 
prediction, for both the shear periods. 
These results indicate that the shear input affects the upper section 
of the rheogram more than the lower section. The same conclusions may 
be drawn from the analysis graphs where the apparent viscosity at the 
low shear rates drops over a longer period than at the high shear 
rates, indicating that further processing is required to fully reduce 
the lower section of the rheogram. i. e The section influencing plastic 
viscosity has reached equilibrium, whereas further reduction is 
possible for the section influencing yield value. 
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5.6 Conclusions to the Investigation of the Constituent Ingredients of 
Chocolate under High Shear. 
The major constituent ingredients of milk chocolate have been grouped 
into cocoa liquor and sugar with cocoa butter. For simplification milk 
was excluded from the samples, but the solid and liquid phases were 
represented by sugar and cocoa butter respectively. 
When analysing the viscosity of the sugar and cocoa butter systems, 
large hysteresis loops were detected, making data interpretation 
difficult. Further investigation into the causes of the hysteresis 
loops indicated that the polarity of the fat influenced the level of 
hysteresis. 
The viscosity analysis procedure recommended by the IOCC(12) was found 
to be misleading when analysing samples to ascertain the level of work 
input. Appendix 6 indicates that for milk chocolate, a temporary 
effect, possibly particle aý3lornera}ton , was occurring 
during the 
analysis procedure. This effect was easily removed by disruption of the 
sample with a spatula. Hence a recommendation has been made for a 
analysis procedure suitable to detect work input alone. The procedure 
only uses the ascending curve, such that measurements are made from 0 
to 129 sec -1 over a period of 10 minutes. This procedure was employed 
for all future experiments. 
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The response of the cocoa liquor and sugar with cocoa butter systems to 
high shear has been shown to account for the behaviour of the chocolate 
under high shear. A combination of the data of two model systems under 
high shear, in the ratio used in the chocolate recipe, can account for 
the prediction of the behaviour of chocolate under high shear, 
especially for the high analysis shear rates. 
The model systems give results which would lead to a prediction that 
the chocolate viscosity would reduce more than actually occurs. Hence 
all the thinning may be explained, but it may not occur since: 
i) The two effects may not be additive. 
e. g. The liquor particles might reduce the fat coating of the 
sugar particles. 
ii) The milk might behave differently to that assumed. 
iii) The chocolate sample has already experienced some work input 
in the conche and liquefier. 
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CHAPTER 6. 
AN INVESTIGATION INTO LIQUEFYING MACHINES SUITABLE FOR 
A MILK CHOCOLATE MANUFACTURING PROCESS. 
6.1 Introduction 
Following the results of Chapter 4, an investigation into 
liquefying equipment suitable for a milk chocolate manufacturing 
process was undertaken. This manufacturing process uses a crumb 
method of chocolate manufacture (see Chapter 1). The chocolate is 
part worked in the conche, followed by a final refining stage which 
exposes a few new particle surfaces. These surfaces must be coated 
to produce a chocolate with the correct flow characteristics. 
A new process which involves the dry grinding of ingredients, 
followed by a blending stage to incorporate the fat, is likely to 
require a different form and/or amount of work input. Equipment 
suitable for this type of manufacturing process is discussed in 
Chapter 7. 
Usually the liquefying process of milk chocolate is a batch 
operation. The chocolate leaves the final refiner and enters a 
Liquefier (helical screw mixer) where the remaining additions of 
cocoa butter and lecithin are added and the chocolate is liquefied, 
in order to obtain the correct flow properties. The liquefier runs 
typically at 63 sec -1 (126 Rpm) for 1 hour (33 minutes filling 
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time, 2 minutes for addition of cocoa butter and lecithin, 25 
minutes work input). The chocolate is then sieved and stored until 
the user departments (i. e enrobers and moulders) require it. 
From previous work (see Chapter 4) it has been found that a higher 
level of shear rate (500 to 700 sec 
1) for a shorter time (30 
minutes) gives an improved level of viscosity reduction. The 
viscosity at the low shear rates continues to reduce for up to one 
hour, however the reduction achieved over this extended period 
would not economically warrant a longer'processing time. The higher 
shear rate proposed is difficult to achieve with a helical screw 
geometry, as the system would require an immense power input and 
the torque imposed on the impeller would be too great for its 
structure. 
An alternative to processing a large bulk of material for a long 
time, is to process a small amount of material intensely for a 
short time. These two methods are linked since the large scale 
processes tend only to have a small region of high shear, with the 
long process time required to ensure all the material passes 
through this area. 
Two types of machine were investigated: a continuous processing 
machine (Fryma colloid mill), and a static mixer. 
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The Fryma Colloid mill has a variable shear rate, and a rotor 
arrangement which ensures all the material passes through the high 
shear regime on the first pass. This machine was investigated to 
either replace, or be used in addition to, the existing helical 
screw liquefier. 
The static mixer was investigated as it produces a different type 
of mixing pattern. The material is continually folded in different 
planes, by passing the material through an arrangement of shaped 
elements within a tube (Figure 3.4). 
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6.2 Experiment to Investigate the Effect of Liquefying Milk 
Chocolate in the Fryma Colloid mill. 
6.2.1 Introduction 
The Fryma Colloid Mill is a continuous processing machine where the 
chocolate passes between a stator and a high speed rotor (a 
variable gear box has been attached enabling speeds of 1000 to 3000 
Rpm), both of which are grooved. The residence time is short as the 
material flows through under gravity, or may be pumped through, but 
varies according to the viscosity of the material (the residence 
time for a thick material may be several times longer than for a 
thin one). Although the machine is designed as a grinder- 
homogeniser, no grinding of the chocolate should occur as the gap 
is set greater than the particle size (see Table 6.10). 
The machine was chosen for its ability to run at a range of shear 
rates, achieved by the variation of gap width between the rotor and 
the stator, and the speed variation. The rotor mechanism is of a 
complex design and as such the shear rate at each gap width and 
speed, can only be found experimentally, from the Power 
Number/Reynolds Number relationship (see section 2.2.4). 
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6.2.2 Equipment Details 
The equipment used was a Fryma toothed colloid mill, model MZ80. 
Specifications: Motor Power 4 kw 
Feed Hopper 71 
Dimensions length 500mm 
width 500mm. 
height 500mm 
weight 55kg 
Rotor diameter 80M 
Rotor height 71nn 
Material flows through the gap between a fixed stator and a rapidly 
rotating rotor (1000 to 3000 Rpm). The gap between the rotor and 
stator may be varied. 
For the MZ80, one revolution of the stator produces a 0.35mm gap. 
i. e. 1 rev of stator changes the gap by 0.35mm 
or Change of gap per degree of rotation - 0.00097mm 
A maximum gap of 1.75mm may be used, with adjustments being made to 
an exactness of 0.05mm. 
A schematic diagram of the mill is shown in Figure 6.1, and a 
photograph of the rotor and stator is shown in Figure 6.2. 
Material may be fed either continuously in a closed pipeline or 
batch-wise via a hopper, in the current project only the latter 
configuration was used. 
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FIGURE 6.1: 
SCHEMATIC DIAGRAM OF THE FRYMA COLLOID MILL 
STATOR 
WITH AXIAL 
ADJUSTMENT 
INLET 
ROTOR STATOR 
GRINDING 
GAP 
i 
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Figure 6.2: The Rotor and Stator of the Fryma Colloid Mill. 
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The approximate maximum shear rate at each gap setting and speed 
setting has been calculated using the procedure in section 2.2.4. 
using cocoa butter as the Newtonian fluid the power curve for the 
Fryma colloid mill was established (see Figure 6.3 and Table 6.1). 
The power number for the chocolate passing through the Fryma 
colloid mill was established for each set of operational 
conditions (see Table 6.2). The corresponding Reynolds number was 
then read off the Power curve (Figure 6.3), and is shown in Table 
6.2. The apparent viscosity for the chocolate may then be 
calculated from the Reynolds number (see Table 6.3). Using the flow 
curve for chocolate (see Figure 6.4 - obtained using a 5mm inner 
and a 6m outer concentric cylinder) the corresponding shear rates 
for the Fryma colloid mill may be determined, and are shown in 
Table 6.4. 
The Power Number, P0,. and Reynolds Number, Re, relationships are: 
Po=P/pN3 xD5 
and Re -pNx D2 /p 
where P is the power input (W), N is the rotational speed (Rps), D 
is the rotor diameter (m), u is the viscosity (Pa. s), and p is the 
density (Kgm 3). 
For cocoa butter p- 900 Kgiu 
3, 
and N-0.04 Pa. s. 
For Chocolate p- 1220 Kgrri 3. 
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Table 6.1: Power Numbers and Reynolds Numbers for Cocoa Butter 
through the Fryma Colloid Mill. 
Gap Size 1.40m I 1.05mm 0.70mm 0.35mm I 
Speed (Rpm) Power Number I 
1000 9.52 8.05 I 5.86 I 6.59 
1300 6.33 4.00 I 3.33 I 3.66 
1800 2.64 1.88 I 1.51 I 1.88 
2190 1.60 1.46 I 1.26 I 1.46 
2580 1.19 1.36 I 1.19 1.36 I 
3000 0.92 1.11 I 1.17 1.22 
The only variable for the Reynolds Number is the speed, since the 
viscosity of cocoa butter is constant, thus: 
Speed (Rpm) 
1000 
1300 
1800 
2190 
2580 
3000 
Reynolds Number 
2182 ý 
2837 
3927 
4778 ý 
5629 
6545 
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Table 6.2: Power Numbers for Chocolate passing through 
the Fryma colloid mill. 
Gap Size 
Speed (Rpm) 
1000 
1300 
1800 
2190 
2580 
3000 
1.40mm ý 1.05mm ý 0.70mm I 0.35mm 
Power Number 
17.28 23.22 34.56 I 48.06 
16.22 I 20.16 I 25.56 ý 37.86 
9.54 I 11.86 ý 15.75 I 23.07 
8.64 I 9.77 I 12.34 ý 18.57 
7.17 8.65 I 10.51 15.42 
6.30 1 7.34 1 9.00 1 9.80 
The Reynolds Number Varies with Speed, and gap size due to its 
affect on the chocolate viscosity 
Gap Size 1.40m I 1.05mm 0.70mm I 0.35mm I 
Speed (Rpm) 
I 
Reynolds Number) 
1000 I 1778 I 1380 1047 ý 871 
1300 1820 1514 1188 I 1000 
1800 2239 1884 I 1445 I 1259 
2190 2371 1995 1622 I 1412 
2580 2541 2113 1738 I 1496 
3000 2661 I 2239 1884 I 1820 I 
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Table 6.3: Apparent viscosities for chocolate passing through the 
Fryma colloid mill, calculated from the Reynolds Numbers 
r. in Table 6.2. 
Gap Size 11.40mm ( 1.05mm I 0.70mm ý "0.35mm 
Speed (Rpm) Apparent Viscosity (Pa. s) 
1000 0.07 ý 0.09 0.12 ý 0.15 
1300 0.09 I 0.11 0.14 0.17 
I: 1800 0.10 I 0.12 0.16 I 0.19 
2190 I 0.12 I 0.14 0.18 0.20 
2580 I 0.13 0.16 0.19 I 0.21 
3000 0.15 0.17 0.21 I 0.21 
Table 6.4 : Shear Rates achieved in the Fryma colloid mill, 
read from Figure 6.4. 
Gap Size 11.40mm I 1.05mm 0.70mm I 0.35mm 
Speed (Rpm) 
(Shear 
rate (sec-1) 
I 
1000 1300 1250 1200 1100 
1300 I 1250 ý 1200 1100 1050 
1800 I 1225 I 1200 1100 975 
2190 I 1200 ( 1100 1000 950 
2580 I 1100 I 1100 975 ý 950 
3000 1100 ý 1050 ( 950 ( 950 
The shear-rate achieved with-the Fryma is higher. than required (see 
Chapter 4), but with the short processing time shear thickening 
may not be seen. -. -The residence time of a sample in the Fryma mill 
is-very low, approximately 0.1 sec. The residence time increases if 
the gap is large and/or the material is thick. 
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6.2.3 Experimental Details 
A' general schematic diagram of a typical milk chocolate 
manufacturing process is shown in Figure 1.3, which indicates the 
stages at which- 'samples can be , taken for experimental 
investigation. 
Samples of Exrefiner and Exliquefier chocolate were taken at the 
Rowntree York' plant. These were from the same batch of chocolate 
i. e. a split batch. The additions of cocoa butter'and lecithin made 
into the production liquefier 'were checked when the samples were 
taken, to ensure the correct additions could be made for the 
experimental process. 
The sample from the refiner was split into two. one half had all 
the additions added, these were blended in using a Hobart food 
mixer for 15 minutes to ensure homogeneity, but would impart 
relatively low work input into the material prior to processing in 
the continuous liquefier. The second half was processed through the 
continuous liquefier prior to the additions being made, which were 
then blended in using the Hobart, as before. Hence the results will 
indicate not only the viability of the new process method, but also 
whether the process should be introduced before or after the final 
additions are made. 
It should be noted that a continuous blender could be used in 
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conjunction with the continuous liquefier, rather than the batch 
mixer (Hobart), which was employed due to the amount of material 
available for processing. 
The samples were randomly analysed for moisture, fat and particle 
size distribution variations. 
The work input`of the toothed colloid mill is influenced by the 
stress frequency and the stress intensity. The stress frequency is 
dependent on the shape and fineness of the teeth and on the 
residence time' and rotor speed. The stress intensity is dependent 
on the viscosity and shear rate (diameter and gap width). 
During this experiment the effect of the number of passes through 
the machine, and the gap width were investigated. 
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6.2.4 Results 
The work . was performed 
in two separate trials due to the 
availability of the machine. 
Tables 
Trial 1 
Exliquefier 
Exrefiner 
6.5 
6.6 
Figures 
6.5 - 6.10 
Trial 2 
Exliquefier 
Exrefiner Plus 
Total Lecithin 
6.7 
6.8 
6.11 
6.12 
The variation of moisture content, particle size distribution, and 
fat content were monitored throughout the experiments and are shown 
in Tables 6.9,6.10, and 6.11, respectively. 
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Table 6.5 : Exl, iquefier Processed in the Frvma Colloid Mill. 
1.40 mm Gap I 
Processing I Pre ------- ----- --------- ------ Level I Fryma 11 1 2 13 4 
----------- 
('Pass I Pass I Pass I Pass I 
--- Shear_Yate I ------- -------- ----- -------- -------I I 
(Sec )I 
-------------- - 
Viscosity (Pa. s) "I 
7.26 I ------ 8.39 -------- I`8.39 1 ----- 8.39 -------- 18.39 -------I 1-8.39 I 
14.51 I 7.34 16.81 1 6.29 16.29 6,29 
29.03 I 6.03 16.03 1 5.77 15.77 15.77 I 
43.54 I 5.94 15.77 1 5.59 ý 5.42 15.42 I ' 
58.05 I 5.77 15.77 1 5.50 15.37 15.24 I 
72.56 I 5.66 15.66 1 5.35 15.14 ý 5.14 I 
87.08 I 5.68 15.59 1 5.24 15.15 15.07 I 
101.59 I 5.62 15.39 15.17 15.09 15.09 I 
116.10 I 5.57 15.37 15.18 14.85 15.04 I 
130.61 
-------------- 
5.59 
-------- 
15.36 
------- 
15.18 
------ 
14.78 
-------- 
15.01 
------- 
I 
- 
--------------- 
I 
------ -------- 
1.05 mm 
------- 
Gap 1 
----- -------- 
0.70 mm 
-------- 
Gap I 
Processing ------ -------- ------- ----- -------- ------- Level 
---------- 
Pass I Pass I Pass I Pass I Pass I Pass 
---- 
Shear-Pate I 
------ -------- ------- ----- -------- ------- ý 
(Sec) I 
-------------- 
Viscosity 
---- 
(Pa. s) 
------ 7.26 -- 8.39 -------- ý 8.39 ý ------- 8.39 ( 
----- 
8.39 
-------- 
18.39 
- 
8.39 I 
14.51 ý 6.81 ý 6.81 ( 6.81 1 6.81 6.29 6.81 I 
29.03 6.03 6.03 1 5.50 1 5.77 15.77 5.77'1 
43.54 1 5.77 ý 5.77 5.24 1 5.59 15.24 ý 5.24 I 
. 58.05 1 5.50 15.50 1 4.98 ý 524 . 14.98 
15.11 I 
72.56 1 5.35 ý 5.24 ý 4.82 ( 5 . 24 ý 4.82 14.93 
I 
87.08 1 5.24 15.15 1 4.72 1 5.07 14.63 14.80 I 
101.59 ý 5.09 15.02 1 4.72 ý 4.87 14.49 14.64 1 
116.10 1 4.91 ( 4.98 4.72 1 4.91 4.46 ( 4.65 ý 
130.61 ( 
--------------- 
4.89 
------ 
14.89 
-------- 
4.66 ( 
------- 
4.78 
----- 
( 4.37 
------- 
14.60 I 
-ter------- 
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Table 6.5: (continued) 
11 0.35 mm Gap I - 0.05 mm Gap, I 
Processing I ------- ------ -------- ------- ------ -------( Level 1 1( 2 (4( 1( 2 (4( 
I Pass I Pass I , Pass ( -Pass I Pass ( Pass 
ý 
' 
---. r---.. ----------.... ----.. . -- .... ------------ ------------- 
Shear-gate 
I (Sec ) 
- - 
( Viscosity (Pa. s) 
----- ----- - ------ 
7.26, 
------- 
1 8.39 ( 
----- 
8.39 
--------- 
8.39 ( 
------- 
8.39 ( 
----- 
8.39 
--- 
( 8.39 
17.26 6.81,1 6.81 (°6.81 ( 7.34 ( 7.34 ( 6.81 ý 
29.03 6.03 1 6.03 ( 5.77", 1 6.03 ( 6.03 ( 6.03 ý 
43.54 15.59 ( 5.42 5.24 ( 5.59 ( 5.59 15.42 
58.05 ( 5.37 5.24 14.98 5.50 5.50 15.24 ý 
72.56 15.24 1 5.14 14.93 5.24 1 5.24 14.93 
87.08 14.98 1 4.72 4.72 4.98 j 4.98 4.72 
101.59 j 4.87 4.79 4.72 ý 4.94 ý 4.94 14.57 ý 
116.10 J 4.72 1 4.72 4.59 1 4.78 ý 4.78 4.52 ý 
130.61 
-------------- 
ý 4.78 ý 
-------- 
4.66 
----- 
( 4.54 ý 
--------- 
4.78 1 
------- 
4.78 
----- 
J 4.48 
--------- 
Table 6.6: Exrefiner Processed in the Fryma Colloid Mill 
-------------- 
( 
---------- 
( Original 
------------------- - 
11.40mm 
- 
Gap/1-4 
- 
Pass{ 
--------- 
1.75mm Gap I 
SAMPLE 
- 
_ 
- 
( 11.05mm Gap/1-4 Pass{ 
- 
I 1-10 Pass 
------------ - 
Shear Rate ( 
--- 
sec-1 
{------------- 
I Viscosity (Pa. s)- 
--- ------------ 
( -7.26 
-{--------- 
( 31.43 
-------------------- 
19.91 I 16.76 I 
{ 14.51 ( 26.21 16.78 I 14.68 
{ 29.03 { 20.70 { 14.15. I 12.05 I 
43.54 { 16.77 I 12.40 I 10.88 I 
58.05 ( 14.02 { 11.40 { 9.70 ( 
( 72.56 I 12.06 { 10.27 ( 8.54 { 
{ 87.08 { 10.59 { 9.51 8.30 I 
( 101.59 { 9.28 I 9.08 { 7.62 I 
{ 116.10 { 8.52 { 8.12 I 7.33 ( 
{ 130.61 { 7.80 { 
. 
7.75 I 7.49 
--- -- - -- ------ ----------- -------------------- -- -------------- 
The samples were-unstable (showing hysteresis) possibly due to 
the viscometer putting in work. Thus the figures should only 
be used as an indication of the effect of the Fryma, on the 
viscosity. 
Samples processed at 1.40mm Gap for 1 to 4 Passes, and 1.05mm 
Gap for 1 to 4 Passes showed an insignificant difference. 
All Passes at 1.75mm Gap were identical. 
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Table 6.7 : Exliguefier Sample Processed in the Fryma 
(Trial 2) 
------------ 
Processingi 
------- 
I 
------ --------- 
Gap Size 
------ 
(mm) 
------- ------- ------- 
`I 
Level Pre I 
I 
- - - 
Frymal 1.75 11.40 1 1.05 1 0.70 1 0.35 1 0.05 
- - - ----- 
IShear Ratel 
------- ------ --------- ------ ------ -------- ------ 
I (Sec-1) I 
- ---------- 
viscosity (Pa. s ) 
---- ----- ------ ( 7.26 ( --- 7.34 ( ----- 7.34 ---------- ý 8.39 ( ------ 7.34 ------ ( 7.34 --- ( 8.39 1 8.39 ( 
( 14.51 ( 6.29 ( 6.29 16.29 ( 6.29 16.29 16.81 1 6.81 I 
29.03 1 5.50 1 5.50 15.50 1 5.24 15.24 15.50 ( 5.77 { 
43.54 ( 5.42 5.24 5.24 5.07 ( 5.07 ( 5.24 5.42 ( 
( 58.05 ( 5.24 ( 5.11 ( 5.24 ( 4.98 ( 4.85 ( 4.98 ( 5.11 ( 
72.56 j 5.24 4.93 5.14 4.82 ( 4.72 ( 4.82 ( 4.93 
( 87.08 ( 5.15 4.80 4.98 ( 4.63 4.63 4.63 4.80 ( 
( 101.59 ( 5.09 ( 4.79 ( 4.94 ( 4.57 ( 4.49 4.64 ( 4.64 ( 
( 116.10 ( 5.04 ( 4.72 14.85 1 4.59 ( 4.52 ( 4.52 14.52 I 
I 127.71 1 
------------ 
5.06 1 
------- 
4.71 
----- 
14.88 ( 
---------- 
4.53 
----- 
14.59 
------- 
14.53 
------- 
14.47 
-------- 
Table 6.8: Exrefiner Plus Total Lecithin Sample Processed in 
the Fryma (Trial 2) 
-- ------- ------------ 
Processing 
-------- 
{ 
----- --------- 
Gap Size 
------ 
(mm) 
------- ----- 
Level i Pre 
I 
{--------- - 
Fryma! 1.75 1 1.40 1 1.05 1 0.70 0.35 1 
------- 
0.05 I 
------ - 
Shear Rated 
-------- ---- ---------- ------ ------- I 
I (Sec-1) I 
{----------- 
Vi 
-- 
scosity (Pa s) 
------- ------ { 7.26 j ------ 8.39 ---- 9.43 ---------- { 9.43 ------ 9.43 ------- 8.39 '1 9.43 1 9.43 I 
{ 14.51 { 6.81 { 7.34 7.34 ( 7.34 { 7.34 1 7.34 ( 7.34 
{ 29.03 1 6.29 f 6.29 6.29 1 6.29 { 6.29 1 6.29 1 6.29 I 
43.54 1 6.12 1 5.94 16.12 1 5.94 1 5.94 1 5.77 15.94 I 
58.05 1 6.03 1 5.77 15.90 1 5.77 5.63 1 5.63 15.77 I 
72.56 ( 5.87 1 5.66 ( 5.66 ( 5.66 ( 5.45 ( 5.35 15.45 
{ 87.08 1 5.77`1 5.50 { 5.50 1 5.42 1 5.15 1 5.24 15.33 I 
{ 101.59 1 5.77 1 5.54 15.47 1 5.39 5.09-1 5.17 15.24 I 
{ 116.10 { 5.77 1 5.57 15.37 j 5.31 1 4.98 1 4.98 15.24 { 
127.71 { 
------------ 
5.72 { 
-------- 
5.42 
---- 
( 5.36 
---------- 
5.36 { 
------ 
5.06 
------ 
( 5.00 
------- 
{ 5.24 { 
-------- 
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Table 6.9: Moisture Content Analysis Results. 
SAMPLE I 
II 
Trial 1I EXLIQUEFIER ORIGINAL I 
0.05mm12 PASS I 
I 1.75mm/4 PASS I 
EX REFINER ORIGINAL I 
1.05m¢ß/4 PASS I 
IIII 
Trial 2I EXLIQUEFIER I ORIGINAL I 
0.70mm I 
EX REFINER + ABI 'ORIGINAL 
MOISTURE CONTENT 
i 
1.5% 
1.5% 
1.5% 
1.7% 
1.6% 
i 
1.5% 
1.5% 
1.6% 
O'. 05mm 1.5% 
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Table 6.10: Particle Size Distribution Analysis Results. 
Sample Specific Surface I% 90 I 
Area (m2/cm3) I (um) I 
II 
I Trial 1 IExliqüefier Original 1.14 (-29.0 I 
I 0.05 ut /2 Pass I 1.15 28.9 
1.75mß/4 Pass I 1.16 129.0 I 
0.70mnV4 Pass 1 1.15 129.1 
IExrefiner Original I 1.12 28.9 I 
1 1.05mnV4 Pass 1.12 129.2 I 
I 
I Trial 2I Exliquefier original I 1.14 30.8 
0.70mm 1.16 130.3 I 
Exrefiner + AB Original) 1.12 128.9 I 
0.05mm 1 1.09 29.0 
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Table 6.11: Fat Content Analysis Results. 
Sample ." Fat Content 
Trial 1 Exliquefier original I 28.6% I 
0.05mnV2 Pass 29.0% 
1.75mß/4 Pass 28.8% 
Exrefiner original 29.5% I 
1.05matti/4 Pass 28.8% I 
i i 
Trial 2 Exliquefier original 29.8% 
0.70mm 29.0% 
I,. - Exrefiner + AB original 29.0% 
0.05mm I 29.8% 
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6.2.5 Discussion 
The= Fryma- colloid mill has a variable gap size, and for this 
experiment a fixed-rotor-speed of 3000- Rpm was used. The rotor 
mechanism is of a complex design, consequently the actual shear - 
rate at each gap setting and speed has been calculated 
approximately (see Table 6.4). 
The machine is compact and could easily be placed in line to an 
existing process. 
Exliquefier sample: 
The results show that for all gap sizes, the viscosity flow curve 
decreases with the number of passes (Figures 6.5-6.9). However most 
of the work input is given during the first-pass for narrow gap 
settings. The slight reduction in viscosity found after multiple 
passes is not-sufficient to warrant the extra machine, power and 
time costs. 
A one pass process lends itself for use in line to an existing 
process, assuming the throughput capacity is adequate (Fryma 
toothed colloid mills are manufactured to a wide range of 
throughputs). 
The effect of gap size on the viscosity' flow curves is shown in 
Figures-6.10 and 6.11, for trial 1 and 2 respectively. The results 
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indicates that, the optimum gap for processing is 1.05mm or below. 
Exrefiner Sample: 
The results for, this sample also indicated that more than one pass 
through the colloid mill is unnecessary (Table 6.6). 
The Exrefiner sample was found to be very unstable. Large 
hysteresis loops- were unavoidable when measuring the flow curves. 
However, Table 6.6 may indicate that gap sizes less than 1.75 mm 
are detrimental to-the sample. This may be due to too high work 
input, as the sample was thick and consequently had a relatively 
long residence time which may have led to over shearing. 
Refiner Plus Total Lecithin Sample: 
Following the Exliquefier and Exrefiner sample results of trial 1, 
this sample was only subjected to one pass through the colloid 
mill, at various gap sizes. The optimum gap size appears to be 
0.7mm (Figure 6.12). 
The viscosity reduction shown at the high shear rates, after 
processing, is approximately 12% (Table 6.8). Chapter 5 would imply 
that a greater reduction should be seen (Table 5.39). However the 
shearing rate used in Chapter 5 was lower, for a longer time 
period. 
The results reach a similar level to those of the Exliquefier 
processed through the Fryma colloid mill. 
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6.3 Experiment to Compare Milk Chocolate Liquefied using a Batch 
Process with a Continuous Process. 
6.3.1 Introduction. 
This experiment was designed to compare chocolate which had been 
liquefied using a batch method i. e from Rowntree York (helical 
screw), -with that using the Fryma colloid mill (continuous method). 
During the experiment the variation of rotor speed of the Fryma 
colloid mill on the viscosity of chocolate has-been investigated. 
The shear rate may be reduced by reducing the speed of the machine 
(see Table 6.4). 
The variable speed gear box enabled speeds of between 1000 and 
3000 Rpm to be used. 
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6.3.2 Procedure. 
Samples of Exliquefier, Exrefiner, and Exrefiner plus total 
lecithin chocolate from Rowntree, York, were investigated. 
The gap setting of the Fryma colloid mill`was set at 1.05mm for the 
whole experiment, as this had been found to give optimum results 
from previous work. Three speeds (1980,2480,3000 Rpm) and 1 or 2 
passes, were used to ensure the optimum work input was achieved. 
The viscosity of all the samples was determined in order to find 
the method of achieving the lowest viscosity flow curve. The 
moisture content, and particle size distribution were monitored to 
ensure no variation occurred. Two triangular taste tests (three 
samples are given, two are the same and one is different) were 
undertaken by 13 people to ensure no organoleptic differences 
occurred between the three liquefying procedures. 
6.3.3 Results. 
The sample details are given Table 6.12. The viscosity data for all 
the samples is given in Table 6.13. 
The moisture content, particle size distribution, and taste test 
results are given in Table 6.14. 
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Table 6.12: Sample Details. 
SAMPLE-NUMBER 
I 
I SAMPLE DETAILS 1 
II 
1 Exliquefier milk chocolate. I 
2 
I 
Exrefiner, all additions, 15mins Hobart] 
Fryina 1980 Rpm, 1 pass. 
I3 I 
Exrefiner, all additions, 15mins Hobart) 
Fryma 1980 Rpm, 2 passes. 
I4 j 
Exrefiner, all additions, 15mins Hobart) 
Fryma 2480 Rpm, 1 pass. 
5 
I 
Exrefiner, all additions, 15mins Hobart] 
Fryma 2480 Rpm, 2 passes. 
6 I Exrefiner, all additions, 15mins Hobart) 
Fryma 3000 Rpm, 1 pass. 
7 I Exrefiner, all additions, 15mins Hobartl 
Fryma 3000 Rpm, 2 passes. 
8 I Exrefiner, Fryma 1980 Rpm, 
all additions, 15 minutes Hobart. 
9 I Exrefiner, Fryma 2480 Rpm, 
all additions, 15 minutes Hobart. I 
10 Exrefiner, Fryma 3000 Rpm, 
all additions, 15 minutes Hobart. 
N. B. The gap setting of the Fryma was 1.05mm throughout the 
experiment. 
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Table 6.14: Particle Size Distribution, Moisture Content, 
and Taste Test Results. 
Sample I Moisture Content I Particle Size Distribution 
%I %90 (um) I, CS (m3/cm2) 
I I---- 
1 
I 
I 1.4 
I 
32.4 
I 
1.08 
2 I 1.4 I 27.8 I 1.15 
3 I 1.4 I 27.7 1.17 
5 I 1.4 I 27.8 I 1.15 
7 I 1.4 I 28.4 I 1.15 
8 I 1.4 I 28.4 I 1.15 
9 1 1.4 I 28.4 I 1.15 
10 I_ 1.4 I 27.8 1.17 
Taste Test Results no organoleptic difference was detected 
between samples 1 and 3 or between 1 and 10. 
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6.3.4 Discussion. 
Three different process methods for liquefying the chocolate were 
investigated: Standard Production Liquefying (which uses a helical 
screw); Exrefiner material with all the additions passed through 
the Fryma continuous mill; and Exrefiner material passed through 
the Fryma mill prior to the additions being made. Details of-the 
samples are given in Table 6.12. 
The analyses results in Table 6.14 show that a slight shift in 
particle size distribution occurred- when using the Fryma colloid 
mill when compared to the batch Liquefier. The moisture content of 
the -samples remained constant. The taste test results concluded 
that there was no organoleptic difference between the processes. 
Samples 2,4, and 6, were not analysed for particle size 
distribution, and moisture content, tas these are one pass samples, 
and will have been affected less by the processing than the 
respective two pass samples 3,5,7. 
The flow curves for the individual samples of a particular process 
method showed no variation (Figures 6.13 and 6.15). This implies 
that the speed of the Fryma colloid mill and the number of passes 
employed does not effect the machine performance. A possible 
explanation could be that the speed only affects the relative 
movement of the particles and agglomerates, whereas the gap size 
influences the shear intensity causing agglomerate breakdown, with 
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an optimum level being seen at 1.05mm (see Figure 6.11). 
The flow curves shown in Figure 6.15 indicate the effectiveness of 
the three different processes. Figure 6.15 indicates that a greater 
viscosity reduction is seen if the continuous liquefier is used 
after all of the additions have been made. The reduction in the 
flow curve is seen at the high shear rate end and so will benefit 
pumping operations. The viscosity at the lower shear rates appeared 
to be thicker when processed through the Fryma than through the 
helical screw liquefier. This effect was thought to be caused by 
air entrainment, during processing through the Fryma colloid mill. 
An experiment was performed to establish the validity of this 
theory. The results are shown in Figure 6.15, which indicates that 
air entrainment is not the cause of viscosity thickening at the low 
shear rates. It may be possible that a particle ordering effect has 
occurred. This could be investigated by electron microscopy of a 
frozen fracture of the sample. 
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6.4 Investigation into the Efficiency of a Static Mixer at 
Liquefying Milk Chocolate 
6.4.1 Introduction 
An investigation into the efficiency of a static (motionless) 
mixer to reduce the flow curve of milk chocolate was undertaken, as 
this has been used as an effective mixer for various materials by 
86), (85, Lambert 
A sample of Exliquefier milk chocolate was tested, by passing it 
through the static mixer at various speeds with different numbers 
of mixing elements. 
The static mixer was operated at 3 flow rates. At each flow rate 
the number of mixing elements was increased from 2 to 8 (maximum 
for the tube used) in steps of 2. A sample was also passed through 
the mixer at the fast rate without any elements. 
The flow rates corresponded to: - 
Lc11 1.52 x 10-6 m3s 
1 
MEDIUM 5.13 x 10-6 m3s-1 
FAST 10.26 x 10-6 m3s-1 
The mixing elements were lOnn by 10 mm, and of cross hatch design 
(Figure 3.4). 
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6.4.2 Results and Discussion 
The viscosity data is shown in Table 6.15, which indicates that no 
reduction in the flow curve was achieved. 
However the static mixer may be of use prior to a liquefying 
process to incorporate the final recipe additions. 
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Table 6.15: Samples processed in the Static Mixer 
--------------------------------------- 
Throughput I1 10.26 x 10-ý mks-i- I 
------------I I ----------------------------------I Number of I Control IIIII 
Elements I012141618 
--------------------------------------------------------- 
Shear Rate ý 
Sec-1 
------------ 
4.82 
15.14 
25.50 
35.78 
51.26 
66.74 
77.06 
92.54 
102.86 
118.34 
128.66 
Viscosity (Pa. s) 
--- ------ --------- 
8.77 
------- 
19.18 
--------- 
( 8.82 1 
------- 
9.12 ( 
--- 
9.18 1 9.23 
6.89 ý 7.28 7.00 ý 7.17 7.32 ý 7.30 
6.50 16.79 ý 6.61 ý 6.72 ý 6.81 ý 6.83 
6.33 ý 6.54 6.41 6.44 6.56 16.61 
6.15 ý 6.21 ( 6.17 6.23 ( 6.34 ý 6.35 
6.07 16.06 15.99 6.09 1 6.14 ( 6.23 
5.95 16.00 5.88 1 6.02 ( 6.10 6.10 
5.78 5.86 5.76 ý 5.95 5.98 15.99 
5.79 15.73 ý 5.66 ( 5.85 1 5.89 ( 5.89 
5.87 15.64 15.72 5.73 ý 5.77 ( 5.72 
5.83 15.78 15.61 ( 5.69 1 5.69 15.68 
------------ ---------- ---- --------------------- 
IThroughputl 5.13 x 10-g m3s-1 1.52 x 10-g m3s 
I ---------- I --------------------------- I --------------------------- I I Number ofi IIIIII66 
Elements 12I4I618I2I4 
------------------------------------------------------------------ IShear Rated 
Sec-1 I Viscosity(Pa. s) 
I ---------- I ------------------------------------------------------- 4.82 ý 9.12 1 8.94 9.12 1 9.12 1 8.65 1 8.71 1 9.06 1 8.94 
15.14 17.13 1 7.10 
25.50 16.73 16.64 
35.78 16.48 16.42 
51.26 16.34 16.30 
66.74 16.14 16.12 
77.06 15.98 15.99 
92.54 15.82 ( 5.80 
102.86 ý 5.73 15.77 
118.34 ( 5.58 ý 5.81 
128.66 15.67 15.79 
7.21 
6.76 
6.51 
6.31 
6.14 
5.95 
5.86 
5.84 
5.89 
5.79 
7.26 
6.72 
6.47 
6.21 
6.03 
5.97 
5.81 
5.69 
5.74 
5.60 
6.82 
6.42 
6.18 
5.96 
5.97 
5.89 
5.85 
5.76 
5.67 
5.58 
6.95 
6.49 
6.32 
6.18 
5.91 
5.83 
5.62 
5.53 
5.48 
5.72 
7. Z1 
6.78 
6.54 
6.28 
6.04 
5.87 
5.89 
5.89 
5.77 
5.66 
7. ua 
6.61 
6.39 
6.21 
5.99 
5.95 
5.91 
5.82 
5.69 
5.63 
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6.5 Oonclusions 
The liquefying process which achieves the lowest flow properties 
above 40 sec 1, is the continuous high shear machine, where all the 
chocolate passes through the high shear region. 
The flow properties below 40 sec 1 would require further 
Processing, possibly using a lower shear rate m chine. 
These results are in keeping with the findings of Chapter 4.7 he 
viscosity at the high shear rates reduces quickly to an 
equilibrium value, when subjected to relatively high shear, however 
the-viscosity at the low shear rates requires a longer process at a 
lower shear to reach equilibrium. 
Presently the batch Liquefiers produce 1 tcrne/hair of finished 
chocolate, - with three liquefiers (one liquefying, one filling, and 
one enptyin) being fed from one refiner. The continuous liquefier 
may be scaled up to process 2 tonne/hour, which is the output from 
the 2.5m refiner. Thus the processing time and capital costs would 
also be r d. Alternatively a oontimmis liquefier may be 
placed following an existing bates liquefier in order to give a 
chocolate of inpr vred flow properties. 
The static mixer achieves no viscosity flow curve reduction, 
possibly due to the type of mixing inparted to the sanple. 
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CHAPTER 7. 
AN INVESTIGATION INTO LIQUEFYING MACHINES SUITABLE FOR CHOCOLATE 
MANUFACTURING PROCESSES REQUIRING A BLENDING OF POWDERS AND FAT. 
7.1 Introduction. 
A process which involves the grinding of dry ingredients, followed 
by a blending' stage to incorporate the fat 
(87), has been 
investigated to determine the relative efficiency of different 
liquefying machinery. 
With this type of process the cocoa liquor may be pretreated, 
before being mixed with the other ingredients. This removes the 
need for a later flavour adjusting conching stage, as all the 
chemical reactions have occurred. For a white chocolate no cocoa 
liquor is present and no flavour development is required, thus 
eliminating the need for a conching -stage. However for both cases 
machinery is required to coat the powders (milk and sugar) with 
the liquids (cocoa liquor, if present, and cocoa butter), and to 
fully liquefy the chocolate. This may be done in a conche, as 
liquefying is already a significant part of conching, but the 
process is expensive and not necessarily efficient. 
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Two sets of trials have been conducted using: a BC1I pan with a 
Silverson Homogeniser and a Fryma colloid mill, for the white 
chocolate process; and a Winkworth mixer with a Fryma colloid mill, 
for the milk chocolate process. 
The BCH pan (see Figure 7.1) and Winkworth mixer (see Figure 7.2) 
are designed as batch machinery, and are used to achieve a 
homogeneous mixture of powder and fat. The Fryma colloid mill (see 
Figures 6.1 and 6.2) and Silverson Homogeniser (see Figure 7.3) are 
designed as continuous machinery, operating at relatively high 
speed, and are used to impart a high level of work into the 
mixture. 
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Figure 7.1: The BCH Pan 
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Figure 7.2: Impellers of the Winkworth Mixer 
Profilled Paddle blades 
Refiner blades 
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Figure 7.3: The Silverson Homogeniser 
Typical Silverson 
Hign Shear Heaa 
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7.2 Experiment to investigate the Efficiency of a White Chocolate 
Liquefying Process where a Comminuted Milk and Sugar are 
combined with Fat. 
7.2.1 Introduction 
The white chocolate process takes powder ground to about 50um in a 
mill which is then mixed with fat in an Heuze, Malevez and Simon 
(HMS) conche for 20 minutes. The HMS conche is fitted with four 
helicoid turbines and cages with cutting arms, to which control 
devices impart a double planetary motion. The conche is only used 
as a mixer for this process, as it is ideal for handling thick 
paste-like material. One tonne of material is processed in each 
batch. 
Alternative equipment to liquefy this material was investigated in 
order to determine whether the rheological properties were 
improved. 
The machinery investigated was a BCH pan with a Silverson mixer 
(see Figures 7.1 and 7.2 respectively). These were chosen because 
the system was already being used to liquefy a similar product. The 
effect of a Fryma colloid mill at the end of the process was also 
investigated, due to its efficiency with a preconched material (see 
Chapter 6). 
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The BCH pan has a double agitator system, where the inner agitator 
has four turbine impellers, and the outer agitator has an anchor 
impeller (see Figure 7.1). The Silverson is a relatively high speed 
mixer, where the material is forced through a sieve by a high speed 
impeller (see Figure 7.3). The Fryma colloid mill is also a 
relatively high speed mixer (see Figures 6.1 and 6.2). 
302 
7.2.2 Experimental Details 
The white chocolate used was composed of the following ingredients: 
18.6% Skimmed Milk Powder 
52.3% Sugar 
28.9% Cocoa Butter (and equivalents) 
0.2% Lecithin 
Samples were taken at intervals after processing in the BCH pan, 
both before and after the Silverson mixer. Some samples were 
processed further in the Fryma. Sample details are given in Table 
7.1. 
The samples were monitored for variations in moisture content, 
particle size distribution, and viscosity. 
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Table 7.1: Sample Details 
Sample Number Description 
1 Standard sample from York process 
2 10 minutes in the BCH pan 
plus the Silverson 
3 10 minutes in the BCH pan plus the 
Silverson and the Fryma at 1.05mm gap 
4I 30 minutes in the BCH pan 
5 30 minutes in the BCH pan 
plus the Silverson 
6 30 minutes in the BCH pan plus the 
Silverson and the Fryma at 1.40mm gap 
7 30 minutes in the BCH pan plus the 
Silverson and the Fryma at 1.05mm gap 
8 30 minutes in the BCH pan plus the 
Silverson and the Fryma a t 0.35mm gap 
9 30 minutes in the Hobart 
plus the Fryma at 1.05mm gap 
10 30 minutes in the Crypto Peerless Food I 
Processor 
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7.2.3 Results I 
The moisture content and particle size distribution variations are 
shown in Table 7.2. The viscosity results are shown in Table 7.3. 
Table 7.2: Moisture Content and Particle Size Distribution Results 
I Sample I Moisture Content I %90 I Specific surface area I 
%I um I m2/cm3 
1I 1.1 I 51.7 I 0.62 I 
2I 1.2 I 56.3 I 0.66 
8I 1.0 I 53.7 I 0.78 I 
9I 1.2 I 54.3 0.68 I 
10 1.0 58.3 I 0.61 
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Table 7.3: Viscosity Results for BC!! pan Experiment 
Sample I 1I 2 ý31 4& 5I 6I 7 
Shear 
Rate ( Viscosity (Pa. s) 
(sec-1)I 
4.33 14.12 ý 13.31 113.56 1 11.82 ý 11.43 1 11.75 ý 
6.75 12.05 1 11.40 111.40 ý 10.36 9.70 ( 9.99 
10.51 11.08 110.22 ý 9.95 I 9.26 8.49 I 8.75 
16.38 ý 10.02 9.46 8.98 8.54 7.67 I 7.87 
25.52 9.65 8.99 8.31 8.05 ( 7.10 I 7.28 
39.76 9.32 ý 8.56 I 7.74 I 7.60 6.60 ý 6.76 
51.16 ( 9.00 I 8.18 7.39 I 7.34 6.41 ý 6.58 ý 
Sample 8 9I 10 
Shear I 
Rate I Viscosity 
I (sec-1)I (Pa. s) 
i 
4.33 1 11.56 124.29 1 
I 
10.46 
6.75 9.62 19.98 I 9.41 
10.51 I 8.35 15.94 I 8.70 
16.38 I 7.50 13.34 I 8.40 
25.52 I 6.90 11.88 I 8.24 
39.76 I 6.42 10.91 I 7.99 
51.16 I 6.22 10.48 I 7.68 
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7.2.4 Discussion 
The variation seen in moisture content and particle size 
distribution (see Table 7.2) was expected due to the varying levels 
of processing (see- Table 7.1). The moisture content is only 
measured to ±0.1%, thus the variation seen in Table 7.2 is 
insignificant. Sample 8 , may be expected to give a 
higher viscosity, 
due to the higher level of specific surface area (the indication of 
fines present)-, however Table 7.3 shows that the viscosity of 
Sample 8 was not adversely affected by this. 
The Fryma colloid mill reduces the viscosities at the high shear 
rates. - The variation in gap size used in the Fryma colloid mill 
shows little difference in the flow curve (see Figure 7.5). 
Figures 7.4 and 7.5 indicate that the flow curves of the samples 
processed for 30 minutes in the BCH pan followed by the Silverson, 
are lower than those processed for 10 minutes. Viscosity analysis 
before and after the Silverson, of the 30 minute BCH pan sample 
revealed an insignificant difference, possibly due to the material 
being thin enough to flow through the sieve without experiencing 
the shear imparted by the high speed impeller. Visual observation 
of the 10 minute BCH pan sample before and after the Silverson did 
show a viscosity difference, indicating the sample was too thick to 
flow freely through the sieve of the Silverson. 
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Results were also taken from material processed in a Crypto and in 
a Hobart mixer. The Crypto Peerless food mixer normally gives the 
lowest flow curve for standard crumb milk chocolate. In this 
experiment the Crypto Peerless food mixer only gives the lowest 
flow curve for shear rates below 10 sec 
1. This machine has a 
capacity of 2kg, and cannot be scaled up due to the high power 
requirement. The Hobart is a very low speed food mixer, and as 
expected the flow curve of material processed in this machine was 
relatively higher. 
Figure 7.6 compares the flow curves found after various processing 
methods. The optimum process would appear to be 30 minutes in the 
BCH pan followed the Fryma colloid mill at a gap of 1.05mm. A gap 
of 0.35mm in the Fryma colloid mill gives a slightly lower flow 
curve than- when ýa gap of 1.05mm, gap is used (see Figure 7.5). 
However the 'lower throughput and increased power requirement for 
the smaller gap size does not financially warrant the lower 
viscosity flow curve. 
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7.3 Experiment to Investigate a Milk Crumb Chocolate Liquefying 
Process, where a Powder and Fat are combined. 
7.3.1 Introduction 
A process exists where the crumb (a dehydrated mix of milk, sugar 
and cocoa liquor) and granulated sugar are ground by a hammer mill 
to produce a powder. This is then combined with pretreated cocoa 
liquor and extra cocoa butter to give a paste. The paste is 
refined and conched for 4 hours prior to use. An improvement to 
this process takes granulated sugar and cocoa butter from an air 
classifying mill, which gives a powder of improved particle size 
distribution. This is combined with pretreated cocoa liquor. The 
mixture is then fed into a Winkworth mixer (see section 7.3.2), 
where fats are added and mixed for up to 3 hours. This mixture from 
the Winkworth represents 97.1% of the final milk chocolate recipe. 
The remainder comprises of cocoa butter (2.4%) and lecithin (0.5%), 
which are added about 20 minutes before discharge. 
This investigation aims to determine whether the process could be 
improved both in the manufacturing time and in the final product 
viscosity. 
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7.3.2 Experimental Details. 
Two trials were carried out with material taken from the Winkworth 
mixer, using the Fryma colloid mill. The Winkworth is a refiner 
mixer (see Figure 7.2). Profiled paddle blades rotate in a 
cylindrical chamber and project the mix through a high speed 
refiner. 
The aim of the first trial was to determine the optimum gap size 
for processing through the Fryma colloid mill, and the optimum 
point at which the final additions should be made. 
The aim of the second trial was to determine the effect of the 
Fryma colloid mill rotor speed on the final viscosity. 
The results of the two trials have been presented separately. 
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7.3.3 Results from Trial 1 
In order to optimise the point of addition of remaining 
ingredients to the Winkworth samples, experiments were carried out 
with the sample which had been processed in the Winkworth mixer for 
90 minutes. The procedures used are indicated in Table 7.4. The 
gap setting of 1.05mm in the Fryma colloid mill was used at this 
point since this was the optimum gap setting found in Chapter 6. 
The viscosity results of samples 1 to 6 (see Table 7.6 and Figure 
7.7) indicate that the addition of remaining ingredients to 
samples from the Winkworth mixer should occur prior to further 
processing in the Fryma colloid mill. 
Due to the quantity of samples used for the trial, a 10 minute 
mixing time in the Hobart was required prior to the Fryma colloid 
mill, to ensure homogeneity of the sample. 
The Winkworth samples were fed through the Fryma colloid mill at 
gap sizes of 1.40,1.05,0.70,0.35mm, in order to determine the 
optimum processing gap size. The viscosities of these samples were 
compared to control samples which were taken prior to the Fryma 
colloid mill (see Table 7.6 and Figures 7.8-7.11). The viscosity 
measurements were performed using the Contraves concentric cylinder 
viscometer with a gap size of 1mm. 
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The moisture content, particle size distribution, and fat content 
of the samples were monitored and found to vary to an insignificant 
level. 
Stability tests were carried out for samples 4,9 and 15. The 
samples were run for 1 hour at 1.3 sec-1, using an anchor impeller, 
which simulates the conditions of storage tanks. Sample 15 was also 
subjected to shear at 70 sec 
1 in the Contraves viscometer for 1 
hour, to ascertain whether further reduction in viscosity is 
possible. 
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Table 7.4: Details of samples investigated to ascertain the optimum 
point of addition of final ingredients after processing 
_. _-_in- the Winkworth mixer. 
Sample Sample Description 
1 90 minutes in the Winkworth 
All the fat and half the lecithin added 
5 minutes in the Hobart mixer 
Processed through the Fryma at a gap of 1.05mm 
Remainder of lecithin added 
Processed through the Fryma at a gap of 1.05mm 
2 
3 
4 
5 
90 minutes in the Winkworth 
All the fat and half the lecithin added 
5 minutes in the Hobart mixer 
Processed through the Fryma at a gap of 1.05mm 
Remainder of lecithin added 
5 minutes in the Hobart mixer 
90 minutes in the Winkworth 
All the fat and lecithin added 
5 minutes in the Hobart mixer 
Sample 3 processed in the Fryma at a gap of 1.05mm. 
Sample 4 processed in the Fryma at a gap of 1.05mm 
161 Sample 4 stirred at 4 Rpm for 60 minutes 
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Table 7.5: Details of samples investigated to ascertain the 
effect of further processing on the Winkworth samples. 
Sample I Sample Description 
1-j 
7 30 minutes in the Winkworth 
i 
8 Sample 7 processed in the Fryma at a gap of 1 
i 
. 4mm 
9I Sample 7 processed in the Fryma at a gap of 1 . 05mm 
10 I Sample 7 processed in the Fryma at a gap of 0 I . 70mm 
11 I Sample 7 processed in the Fryma at a gap of 0 . 35mm 
12 
ý 
Sample 9 stirred at 4 Rpm for 60 minutes I 
13 60 minutes in the Winkworth I 
14 I Sample 13 processed in the Fryma at a gap of 1.4mm I 
15 Sample 13 processed in the Fryma at a gap of 1.05mm I 
I 
16 I Sample 13 processed in the Fryma at a gap of 
I 
0.70mm I 
17 
I 
Sample 13 processed in the Fryma at a gap of 0.35mm 
ý 
I 18 I Sample 15 stirred at 4 Rpm for 60 mi nutes I 
19 Sample 15 stirred at 55 Rpm for 60 minutes I 
II 
I 20 I 120 minutes in Winkworth 
I 
I 
21 I Sample 20 processed in the Fryma at a gap of 
I 
1.40mm 
II 
I 22 I Sample 20 processed in the Fryma at a gap of 
I 
1.05mm I 
23 I Sample 20 processed in the Fryma at a gap of 0.70mm 
24 
II 
Sample 20 processed in the Fryma at a gap of 0.35mm 
1 
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Table 7.5: continued 
Sample 
25 
26 
27 
28 
29 
Sample Description 
180 minutes in Winkworth 
Sample 25 processed in the Fryma at a gap of 1.40mm 
Sample 25 processed in the Fryma at a gap of 1.05mm 
Sample 25 processed in the Fryma at a gap of 0.70mm 
Sample 25 processed in the Fryma at a gap of 0.35mm 
N. B. All the samples were from the same batch of ingredients. 
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Table 7.6: Viscosity Results for the Winkworth Trial 1 
Sample 11 2 131 4 15 16 
Shear I 
Rate I Viscosity (Pa. s) I" 
(sec-1)I ý 
4.82 15.85 1 14.11 1 16.09 1 12.37 15.16 1 12.89 
15.14 10.57 9.09 12.49 I 8.50 8.63 I 9.09 I 
25.46 9.20 7.74 11.54 I 7.29 7.72 I 8.06 I 
35.78 8.39 I 7.09 10.89 I 6.77 6.75 I 7.50 I 
46.10 I 7.76 I 6.46 10.16 I 6.32 6.18 I 7.08 
56.42 7.26 I 6.00 9.45 I 5.97 5.94 I 6.74 I 
66.74 I 6.79 I 5.60 8.64 5.66 5.84 6.43 
77.06 6.39 5.18 8.01 5.58 5.49 6.18 
87.38 5.99 4.85 7.44 5.31 5.26 5.98 
97.70 5.60 5.26 I 6.80 5.02 I 4.97 5.78 
108.02 5.38 5.13 6.54 4.85 I 4.75 5.59 
118.34 5.19 4.87 6.16 4.84 I 4.63 5.43 
128.66 5.06 4.72 5.85 4.64 I 4.48 5.28 
Sample I 7 I8 I9I 10 I 11 1 12 
Shear I 
Rate I Viscosity (Pa. s) 
(sec-1)I 
4.82 30.49 20.15 120.26 24.85 1 24.97 21.48 
15.14 22.34 13.54 13.19 16.74 1 16.67 1 14.62 
25.46 20.71 11.81 11.45 14.52 1 14.23 1 12.91 
35.78 19.24 10.65 110.43 12.97 13.05 1 11.94 
46.10 17.37 9.75 I 9.61 11.75 11.88 1 11.21 
56.42 15.67 8.91 9.13 10.97 10.90 1 10.56 
66.74 14.20 8.28 8.67 10.23 9.99 1 10.00 
77.06 12.82 7.70 8.14 9.20 9.30 9.45 
87.38 11.57 7.10 7.83 8.48 8.73 9.00. 
97.70 
108.02 
118.34 
128.66 
10.68 
10.25 
6.75 7.40 
6.42 7.18 
6.03 I 6.86 
5.62 1 6.63 
8.07 
7.60 
7.26 
6.92 
8.40 
7.92 
7.66 
7.16 
8.61 
8.29 
7.91 
7.58 
1 
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Table 7.6: continued 
Sample I 13 I 14 I 15 I 16 I 17 I 18 
Shear I 
Rate I Viscosity (Pa. s) 
(sec-1)I 
4.82 21.51 1 17.07 1 13.94 14.92 15.16 14.46 
15.14 16.07 1 11.47 9.31 9.98 10.13 9.83 
25.46 13.96 9.84 8.18 8.61 8.68 8.68 
35.78 13.65 8.95 7.57 7.82 7.91 8.06 
46.10 12.63 8.34 7.08 7.19 7.34 7.62 
56.42 11.62 8.12 6.59 6.74 6.81 7.21 
66.74 10.58 7.65 6.21 6.71 6.37 6.88 
77.06 9.74 7.18 5.86 6.63 5.98 6.54 
87.38 9.13 6.91 5.52 6.35 5.69 6.39 
97.70 8.51 6.79 5.33 6.02 5.47 6.15 
108.02 7.97 6.57 5.14 5.85 5.26 5.93 
118.34 7.58 6.35 4.98 5.73 5.02 5.75 
128.66 7.16 6.15 4.84 5.58 5.74 5.56 
Sample I 19 I 20 I 21 I 22 ( 23 I 24 
Shear ý 
Rate I Vi scosity *(Pa. s) 
(sec-1)j 
4.82 I 13.76 1 12.83 9.99 10.00 I 9.99 1 10.34 
15.14 9.33 I 9.64 7.06 7.22 7.15 I 7.34 
25.46 8.11 I 8.64 6.21 ý 6.36 6.34 6.53 
35.78 7.45 8.07 5.75 5.78 5.86 6.00 
46.10 7.10 7.51 5.39 5.50 5.38 5.59 
56.42 7.06 7.15 5.14 5.18 5.09 5.30 
66.74 6.81 6.76 ( 4.89 4.95 4.80 5.04 
77.06 6.58 6.40 I 4.67 I 4.73 4.67 4.81 
87.38 6.32 6.16 4.47 I 4.55 I 4.47 4.63 
97.70 6.16 5.82 4.27 4.38 I 4.33 I 4.44 
108.02 5.98 5.53 4.04 I 4.21 I 4.20 I 4.33 
118.34 5.87 5.31 3.94 I 4.01 I 4.06 I 4.15 
128.66 5.67 5.14 I 3.80 I 3.89 4.01 I 3.98 
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Table 7.6: continued 
Sample I 25 I 26 I 27 I 28 I 29 
Shear I 
Rate I Vi scosity (Pa. s) 
(sec-1)I 
4.82 10.51 8.88 8.83 I 9.35 9.12 
15.14 7.74 6.36 6.36 I 6.58 6.36 
25.46 6.98 5.68 5.63 5.83 5.64 
35.78 6.57 5.32 5.25 5.38 5.28 
46.10 6.21 5.04 4.94 5.05 5.00 
56.42 5.87 4.73 4.71 4.81 4.84 
66.74 5.58 4.58 I 4.51 4.59 4.59 
77.06 5.34 4.41 I 4.33 4.40 4.46 
87.38 5.07 4.22 I 4.17 4.21 4.31 
97.70 4.88 4.05 3.99 I 4.02 4.17 
108.02 4.67 3.91 I 3.81 I 3.85 I 4.04 
118.34 4.53 3.77 3.64 3.72 I 3.90 
128.66 4.33 3.64 I 3.47 3.59 I 3.77 
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7.3.4 Results from Trial 2. 
This trial used the same chocolate recipe as Trial 1. Samples were 
taken from the Winkworth after 30,60,90,120,150,180 minutes 
processing. Control samples were taken prior to the Fryma colloid 
mill. The sample details are shown in Table 7.7. 
The moisture content, particle size distribution, and fat content 
of the samples were monitored and found to vary to an 
insignificant amount. The viscosity variations are shown in Table 
7.8. 
Throughputs from the Fryma colloid mill were monitored and are 
shown in Table 7.9. 
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Table 7.7: Sample Details for Trial 2. 
Sample I Sample'Description 
1 30 minutes in the Winkworth 
All the fat and lecithin added 
10 minutes in the Hobart mixer 
II 
2 Sample'1 passed through the Fryma at a gap of 
1.05mm and a speed of 1590 Rpm. 
3 Sample 2 run on in the viscometer for 1 hour 
at 70 sec-1. 
4' Sample 2 passed through the Fryma a second time 
at a gap of 1.05mm and a speed of 3000 Rpm. 
51 Sample 4 run on in the viscometer for 1 hour at 
1 70 sec-1. 
6 60 minutes in the Winkworth 
All the fat and lecithin added 
10 minutes in the Hobart mixer 
I 
7 Sample 6 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm. 
8 90 minutes in the Winkworth 
All the fat and lecithin added 
10 minutes in the Hobart mixer 
9 Sample 8 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm. 
10 120 minutes in the Winkworth 
All the fat and lecithin added 
10 minutes in the Hobart mixer. 
11 Sample 10 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm. 
12 I 120 minutes in the Winkworth 
Half the fat and lecithin added 
10 minutes in the Hobart mixer 
Passed through the Fryma at a gap of 1.05mm 
and a speed of 3000 Rpm 
Remainder of the fat and lecithin added 
10 minutes in the Hobart mixer 
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Table 7.7: continued 
Sample Sample' Description 
13 Sample 12 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm 
14 Sample 12 run on in the viscometer for 1 hour 
at 70 sec-1 
15 150 minutes in the Winkworth 
All the fat and lecithin added 
10 minutes in the Hobart mixer 
-16 Sample 15 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm 
. 
17 150 minutes in the Winkworth 
Half the fat and lecithin added 
10 minutes in the Hobart mixer 
Passed through the Fryma at a gap of 1.05mm 
and a speed of 3000 Rpm 
Remainder of the fat and lecithin added 
10 minutes in the Hobart mixer 
18 Sample 17 passed through the Fryma at a gap of 
1.05mm and a speed of 3000 Rpm 
19 I Sample 17 run on in the viscometer for 1 hour 
at 70 sec-1 
20 180 minutes in the Winkworth 
All fat and lecithin added 
'20 minutes further processing 'in the Winkworth 
21 Sample 20 passed through the Fryma at a gap of 
0.35mm and a speed of 3000 Rpm 
' 
22 Sample 20 passed through the Fryma at a gap of 
0.35mm and a speed of 2376 Rpm 
23 
24 
Sample 20 passed through the Fryma at a gap of 
0.35mm and a speed of 1980 Rpm 
Sample 20 passed through the Fryma at a gap of 
0.35mm and a speed of 1590 Rpm 
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Table 7.8: Viscosity Results for the Winkworth Trial 2 
Sample L 11 2 131 4I 5( 61 
Shear 
Rate I Viscosity (Pa. s) 
(sec-1)l 
4.82 1- 25.67 1 20.39 1 17.62 1 20.44 1 17.54 16.61 1" 
15.14 ý 18.27 ( 13.19 11.64 ý 13.62 11.46 1 11.90 ý 
25.46 16.26 11.45 10.06 1 11.74 9.96 ( 10.66 
35.78 15.64 10.74 9.36 10.57 9.11 ý 10.00 
46.10 14.54 9.91 8.85 9.94 8.40 I 9.64 
56.42 13.68 I 9.04 8.42 I 9.48 8.21 I 9.15 
66.74 12.78 I 8.74 8.05 8.93 7.95 I 8.78 
77.06 11.91 8.44 7.86 8.50 7.74 I 8.26 
87.38 11.13 8.06 7.58 I 8.09 7.52 I 7.90 
97.70 10.37 7.62 7.37 7.79 7.32 7.44 
108.02 9.87 I 7.40 7.14 7.50 7.10 7.21 
118.34 9.36 I 7.13 6.91 7.25 6.94 6.88 
128.66 I 6.88 6.73 6.97 6.74 6.63 
Sample I 
I 
---7 I 
I 
8 I9I 
II 
10 I 
I 
11 I 
I 
12 
I 
Shear 1 
I 
Rate I Viscosity (Pa. s) 
(sec-1)I 
4.82 1 14.34 1 13.41 11.79 1 16.61 1 11.84 11.73 
15.14 I 9.55 I 
. 
9.53 7.80 1 12.03 7.67 7.78 
25.46 1 8.39 I 8.51 6.71 1 11.07 6.50 6.78 
35.78 I 7.65 I 7.99 6.17 1 10.71 6.04 6.31 
46.10 7.05 7.66 5.76 10.34 5.74 5.99 
56.42 6.65 7.36 5.57 10.06 5.40 5.78 
66.74 6.23 6.98 5.39 9.50 5.16 5.57 
77.06 5.87 6.69 5.08 8.91 4.87 5.42 
87.38 5.63 6.41 4.82 8.41 4.71 5.26 
97.70 5.32 6.13 4.56 8.04 4.57 5.10 
108.02 5.10 6.00 4.39 7.55 4.42 I 4.96 
118.34 4.95 5.79 I 4.19 7.17 I 4.24 4.83 
128.66 4.73 5.63 4.01 I 6.71 I 4.04 4.68 I 
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Table 7.8: continued 
Sample I 13 I 14 I 15 I 16 ý 17 I 18 
Shear 
Rate I Viscosity (Pa. s) 
(sec-1)I 
4.82 11.56 I 9.93 11.81 11.34 14.75 14.98 
15.14 7.45 I 6.69 8.46 7.99 9.39 8.92 
25.46 6.30 5.82 7.54 7.04 8.14 7.26 
35.78 5.71 5.40 7.09 6.47 7.51 6.50 
46.10 5.43 5.09 6.69 6.07 7.16 6.01 
56.42 I. 5.14 4.95 6.41 5.69 6.79 5.73 
66.74 I 4.91 4.76 6.20 5.45 6.50 5.46 
77.06 4.75 4.63 5.99 5.14 6.27 5.15 
87.38 4.54 4.50 5.76 4.92 6.08 4.93 
97.70 4.37 4.40 5.52 4.77 6.04 4.75 
108.02 4.26 4.33 5.34 4.60 5.88 4.62 
118.34 4.13 4.23 5.19 4.46 5.73 4.42 
128.66 4.04 4.34 I 5.14 I 4.36 5.58 4.42 
Sample I 
i 
19 I 
I 
20 I 21 I 
II 
22 I 
I 
23 I 
I 
24 
i 
Shear 
Rate I Viscosity (Pa. s) 
(sec-1)I 
4.82 12.48 17.14 12.89 1 13.12 12.72 13.30 
15.14 8.06 12.90 8.46 I 8.57 8.33 8.70 
25.46 6.94 11.75 7.24 7.24 7.10 7.39 
35.78 6.36 10.91 6.57 6.73 6.39 I 6.82 
46.10 6.04 10.06 6.21 6.32 6.06 I 6.33 
56.42 5.79 9.35 5.91 5.96 5.70 5.92 
66.74 5.61 8.70 I 5.52 5.53 5.37 5.72 
77.06 5.42 8.08 I 5.31 5.31 I 5.09 5.40 
87.38 5.27 I 7.65 4.99 5.06 4.94 5.12 
97.70 5.15 7.30 4.80 I 4.83 5.12 4.95 
108.02 I 5.03 6.93 4.63 I 4.66 5.09 4.74 
118.34 I 4.94 6.62 4.46 I 4.49 5.00 4.58 
128.66 ý 4.83 6.36 4.37 I 4.34 4.87 I 4.44 
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Table 7.9 : Throughputs 
SAMPLE I THROUGHPUT 
(Kg/Br) 
7 205 
9 267 
11 586 
16 
I 
521 
21 487 
22 479 
23 523 
24 401 
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7.3.5: Discussion 
Figures 7.7-7.11 indicate that the Fryma colloid mill thins the 
samples down, with no great advantage seen by using smaller gap 
sizes than 1: 05mm.,, A longer time in the Winkworth mixer also gives 
a viscosity reduction (see Figure 7.12). The two machines appear to 
influence different ends of the flow curve. The Winkworth mixer 
reduces the viscosity at the lower end of the flow curve, whilst 
the Fryma colloid mill appears to influence the upper end of the 
flow curve (see Figures 7.12 and 7.13). 
Figure 7.15 shows that processing for 120 minutes in the Winkworth 
mixer followed by one pass through the Fryma colloid mill at a gap 
of 1.05mm gives equivalent results to 180 minutes processing in the 
Winkworth mixer. Thus a 60 minute process time saving is possible. 
The optimum time for the additions of final ingredients appears to 
be in the Winkworth mixer prior to the Fryma colloid mill (see 
Table 7.4 and Figure 7.7). 
Figure 7.15 indicates that a second pass through the Fryma colloid 
mill does not effect the flow curve. The material which has been 
run on in the viscometer for one hour shows a slight drop in the 
flow curve. This implies that the material is stable at the reduced 
viscosity. 
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As outlined in Table 7.6, the 120 and 150 minute samples had two 
experiments performed on them: The first is the same as for the 
other samples, where. all-the fat and lecithin is added prior to the 
Fryma colloid mill; -. The second requires 
half of the additions to be 
made prior to the Fryma colloid mill, then the rest of the 
additions made before the sample was passed a second time through 
the Fryma colloid mill. Figures 7.17 and 7.18 show that for the 120, 
minute and 150 minute sample respectively, little difference is 
seen between the end points of these two experiments. It is also 
apparent that the. _sample. run on 
for 1 hour also remains at the same 
viscosity as the other samples. 
Table 7.13_indicates that the speed of the Fryma colloid mill does 
not affect- the flow curve, of the material. Table 7.9 shows the 
throughputs experienced in the Fryma colloid mill, but these should 
only be used, as a rough guide. 
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_. _........., .+ 
CONCLUSIONS WITH IMPLICATIONS TO PRESENT PRODUCTION 
METHODS OF MILK CHOCOLATE MANUFACTURE AND 
RECOMMENDATIONS FOR FURTHER WORK. 
8.1 Review 
Extensive laboratory-- experiments using a concentric cylinder viscometer 
have shown-that the level of work input required to give optimum 
permanent viscosity -reduction is approximately 645 sec-1 (500 Rpm). The 
processing'time should be 30 minutes in order to fully reduce the 
viscosity at''low shear rates, although the viscosity at higher shear 
rates can be reduced much more quickly. The results indicate that the 
viscosity'of 'finished' milk chocolate (Exliquefier) may be reduced by a 
further 15-20% using this type of shearing. 
Milk chocolate was simulated by two model systems of its major 
constituent ingredients, i. e. cocoa liquor and sugar with cocoa butter. 
These showed that the shear thinning can be accounted for by'two 
processes, namely coating and fat release. When analysing the viscosity 
of the sugar and cocoa butter model system, ' large hysteresis loops were 
detected, making data interpretation difficult. Further investigation 
into the causes of the hysteresis loops showed that the more polar the 
fat the less the hysteresis. The viscosity analysis procedure 
recommended by the'IOCC(12) was found to be misleading when analysing 
these samples. Appendix (, indicates that for milk chocolate, a temporary 
effect, possibly particle agglomeration, was occurring during the 
Zz\ 
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analysis procedure. This effect was easily removed by disruption of the 
sample with a spatula. Hence a recommendation has been made for an 
analysis procedure to minimise this effect. The procedure only uses the 
ascending curve, 'such that measurements are made from 0 to 129 sec-1 
over a period of 10 minutes. 
The response of the model chocolate system of cocoa liquor, and sugar 
with cocoa butter to high shear has been shown to account for the 
behaviour of the chocolate under high shear. However the model systems 
indicate that the chocolate viscosity should reduce to a greater extent 
than found in practice. The reduced thinning may be due to: The two 
effects not being additive, e. g. the liquor particles because of their 
shape might reduce the rate of fat coating of the sugar particles(77 ; 
The milk 'might behave differently to that assumed; The chocolate sample 
has already experienced some work input in the conche and liquefier. 
Following the results from the laboratory research, machines suitable 
for liquefying chocolate from two types of manufacturing processes were 
investigated. Typically milk chocolate is conched prior to liquefying, 
but a new process which involves blending powdered ingredients with fat 
is also'being introduced. 
For the pretreated milk chocolate the liquefying process which achieves 
the lowest flow properties above 40 sec-1, is a continuous high shear 
machine, where all the chocolate passes through a high shear region e. g. 
Fryma Colloid Mill. The flow properties below 40 sec-1 require further 
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processing, possibly using a lower shear rate machine. These results are 
in keeping with the findings of the laboratory research. The viscosity 
at the high shear rates reduces quickly to an equilibrium value, when 
subjected to relatively high shear, however the viscosity at the low 
shear rates- requires a longer process at a, - lower shear to reach 
equilibrium. 
The liquefying stage for a process where a powder and fat are combined, 
requires a 'machine, -with a different mixing configuration to that 
required'for, a preconched material. The liquefying stage requires two 
machines, the first to combine the ingredients into a homogeneous masse, 
and the second to fully coat the particulate material. 
For a white chocolate the optimum process of those investigated, would 
appear to be 30 minutes in the BCH pan followed by the Silverson and the 
Fryma colloid mill at a gap of 1.05mm. 
For a milk chocolate the Winkworth mixer and the Fryma colloid mill were 
investigated. The' two machines influenced different ends of the flow 
curve. The Winkworth mixer reduced the viscosity at the lower end of 
the flow curve, whilst the Fryma colloid mill influenced the upper end. 
Processing for 120 minutes in the Winkworth mixer followed by one pass 
through the Fryma colloid mill at a gap of 1.05mm gave the optimum 
results. The optimum process for the additions of final ingredients 
appears to be one where all the additions are made in the Winkworth 
mixer prior to the Fryma colloid mill. 
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8.2 Summary of Conclusions 
The-following points have been concluded from this research project: 
1) The viscosity flow curve of chocolate measured at shear rates 
between 10 and 130 sec-1 will reach equilibrium after 30 minutes 
shearing at 500 to 700 sec-1. 
2) The viscosity flow curve of chocolate measured at shear rates 
below 10 sec-1 will reach equilibrium after 120 minutes shear at 
500 to 700 sec-1. 
3) Chocolate-exposed to shear rates above or below the band of 500- 
700 sec7l for 30 minutes will give a thicker viscosity. 
4) The viscosity thinning is accounted for by surface coating, and 
fat release from the cocoa cellular material. 
5) Sugar and fat systems show hysteresis which is most likely due 
to agglomeration of sugar particles. The level of hysteresis is 
related to the polarity of the liquid phase. 
6) A continuous high shear machine (e. g Fryma colloid mill) will 
reduce the viscosity of chocolate for a preconched chocolate, 
and reduce the viscosity and processing time for a chocolate 
made from a blend of powders and fats. 
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8.3 Recommendations for Further Work 
This research project has concentrated on the behaviour of finished milk 
chocolate when subjected to high shear. To extend this work the 
following may prove to be advantageous: 
i) An investigation into the rheology of plain chocolate, and its 
behaviour under high shear. 
ii) An investigation into the effects of high shear at an earlier 
stage in the manufacturing process e. g pre-conche. 
iii) The use of electron microscopy to determine how the particles 
are affected by high shear. 
iv) An investigation into the optimum mechanism to add a powder to a 
fat. 
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APPENDICES 
Appendix 1: Comparison Of Viscometers 
Introduction 
Recent models of . 
three,. viscometers (Carrimed CS100 Rheometer, Contraves 
Rheomat 115,. and Haake RV20) were investigated as to their suitability 
for this project. i. e The handing of relatively viscous and particulate 
material at a relatively high shear rate. In order to compare the results 
and to assess the machine capability, samples of chocolate and standard 
silicone oil were tested. 
The results were also compared to those obtained a Haake RV12 (existing 
viscometer use by Rowntree, York). 
The chocolate samples were prepared such that: 
Sample (1) Normal Yield Value 
Sample (2) High Yield Value 
°, Sampleý(3) No Yield Value 
The plastic viscosity was relatively constant. 
The moisture content of the samples were checked at intervals to ensure 
that no change had taken place. 
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Results 
The results_have. been reported in terms of the Bingham model: 
T Yvf '' Pv 
Table 1: Viscosity Results 
MACHINE I HAAKE I CARRIMED I CONTRAVES I HAAKE 
RV12 I CS100 I 115 I RV20 
(1) Yv (Pa) I 19 I 25 I 18 I 19 
Pv (Pa. s)I 4 I3( 4 I3 
(2) Yv (Pa) I 75 I 50 58 53 
Pv (Pa. s)I 5 I4I 5 I5 
(3) Yv (Pa) 1 0 0I 0 ý0 
Pv (Pa. s)I 4 I3I 4 I3 
(Standard fluidI II 
I. u - 0.94 Pa. sl 1.04 I 1.25 I 1.04 I 0.9 
(Standard fluid) 
ua4.63 Pa. sl 4.69 Not Tested I 5.23 I 4.8 
(Standard fluidI I I I Not 
u-5.98 Pa. sl 5.96 1 Not Tested 1 5.98 1 Tested 
The moisture content of the samples remained constant. 
As shown from the standard fluid readings, all the machines gave 'readings 
within a maximum standard deviation across the machines of 0.27. 
The chocolate samples were all found to shear thin, which may account for 
some of the differences between readings. 
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Discussion of Instruments 
Carrimed CS100 
This model operates on the principle of controlled stress. A stress is 
applied to the sample, and the following rotation of the measuring 
geometry is detected by an optical sensor. Rotation will only occur if the 
yield stress has been exceeded. Hence yield stresses are apparently found 
directly. 
The machine is essentially designed for use with a parallel plate or cone 
and plate attachment, and as such is capable of oscillatory, creep and a 
wide range of shear stresses. However, a concentric cylinder attachment 
would be required when dealing with chocolate, due to the relatively large 
particles, since erratic readings were seen with the cone and plate. 
The use of a concentric cylinder limits the shear stress, which 
consequently only allows a maximum of only 500 sec-i shear rate. Manual 
operation'is restricted, but with the computer control and data analysis 
package the system capability is greatly increased. 
356 
Haake RV20 
This model, -operates on the principle of controlled rotation. A shear rate 
is set and a torque reading obtained. This implies that yield stresses 
can-only be found-by-an extrapolation of data. 
Manual operation is simple, with values of rotation, torque, and 
temperature (if the correct probe is used in the jacket), being displayed. 
Various concentric cylinders are available to provide a variety of gap 
widths, which enables the handling of a wide range of viscosities. 
Interchangeable measuring heads also extend the range of viscosities that 
the machine can handle. All the attachments are identical to those used 
with the Haake RV12. The maximum shear rate obtained is dependent on the 
size of concentric cylinder used. 
The RV20 may also be controlled via a programmer which enables the machine 
, to automatically ramp up and down, from zero to a set maximum rotation. A 
manual hold facility is available at any point in the cycle. When the 
programme is used data may be read manually or recorded via a chart 
recorder. However the Haake RV20 lacks ease of set up. 
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Contraves Rheomat 115 
This model also operates on the principle of controlled rotation. 
It has the ability to reach a shear rate of 1008 sec-1 (even if the torque 
display is exceeded) thus enabling high shear rate experiments to be 
carried out. 
Various concentric cylinder attachments are available which allow 
different sample volumes to be used, however the gap width is constant 
between the types. All the bobs are the constant volume type (see Figure 
2.3). i. e They have a conical end rather than an air bearing, which is 
preferable since at high shear rates the air bearing can be lost and there 
is, a possibility of particle migration in the air bearing space (see 
Figure 2.3). ' 
Manually the machine is easy to use, with a visual torque display. A 
programmer may be attached, which increases the machine versatility 
considerably. `A-maximum of 50 steps may be programmed for 1 run, allowing 
for holding times, ramps, constant shear etc. A maximum of 9 programmes 
may be stored. 
When the programmer is used data may be read manually or via a chart 
recorder. The chart recorder is easy to set up with a paper centering 
device. The water bath with additional cooling facility allows the 
temperature of the sample to be increased or decreased either 
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manually or via the programmer. The cooling facility also enable the 
testing of fluids below ambient (standard fluids). 
Computer control is also possible, which extends the machine versatility 
further. 
Conclusions' 
For low shear work, involving determination of yield stresses e. g. Enrobing 
and low particulate materials, the Carrimed CS100 Rheometer is an ideal 
instrument'. 
For routine viscometry work within the restrictions laid down by the 
IOCC(12), then all three viscometer models are accurate instruments. 
For high shear work with viscous materials having a high particulate 
content, then the Contraves Rheomat 115 is the most versatile machine. The 
Haake RV20 is also a'suitable machine under these conditions, however, it 
is not as versatile and does not reach as high shear rates. 
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Appendix 2: Contraves reproducibility 
A sample of milk chocolate made to the standard recipe with standard times 
of additions was taken from Rowntree, York. 
The reproducibility of the viscometer was assessed both for the Manual and 
Chart recorder readouts. 
Each sample was subjected to identical levels of processing: - 
1) Shear at 7.1 sec -1 for 2 minutes 
2) Change to 3.87 sec-1 over 5 secs and hold for 1 min. 
3) Repeat (2) for shear rates of 11.61,23.22,34.83,46.44, 
58.05 sec-'. 
4) Increase shear rate to 140.61 sec-1 over 5 secs, then reduce to 
58.05 sec-1 over 5 secs. 
5) Repeat steps (3) and (2) in descending order. 
This was repeated 10 times, each time with a fresh sample. 
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Table 2: Manual Results 
Viscosity (Pa. s) for Shear Rate (sec 
1) 
of 
Run I 3.87 1 11.61 123.22 1 34.83 I 46.44 I 58.05 I 
I 
1I 
I 
7.08 I 5.36 
II 
I 4.84 I 
I 
4.59 I 
I 
4.59 I 
I 
4.62 I 
2I 7.08 I 5.36 I 4.89 I 4.65 I 4.71 I 4.66 I 
3I 6.93 I 5.31 I 4.86 I 4.70 4.62 I 4.62 I 
4I 6.93 I 5.26 I 4.82 I 4.65 I 4.57 I 4.55 I 
5I 6.63 I 5.21 I 4.74 I 4.65 4.55 I 4.54 I 
6I 6.93 I 5.36 I 4.82 I 4.68 I 4.61 I 4.57 I 
7I 7.08 I 5.41 I 4.86 I 4.68 I 4.62 4.63 I 
8I 6.93 I 5.31 I 4.69 I 4.65 I 4.57 I 4.53 I 
9I 7.08 I 5.50 I 4.86 I 4.72 I 4.61 I 4.46 I 
10 I 6.93 I 5.21 I 4.79 I 4.57 I 4.50 I 4.45 I 
I 
x I 6.960 I 5.329 I 4.817 I 4.654 I 4.595 I 4.563 I 
o- I 0.131 I 0.085 I 0.058 I 0.044 I 0.052 I 0.068 I 
1% coeff'of I 1.88 I 1.60 I 1.21 I 0.94 I 1.14 I 1.48 
1 variation I I 
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Table 3: Chart Recorder Results 
Run Viscosity (Pa. s) for Shear rate (sec-1) 
I,, ° 3.87 
I 
111.61 I 23.22 1 34.83 146.44 158.05 I 
I 
1- I Not measured 
I 
I 
I 2- I '7.08 1.5.41 I 4.91 I 4.59 I"4.67 I 4.72 I 
3- I 7.37 I 5.41 I 4.91 I 4.65 I 4.67 I 4.66 
4 I 7.08 I 5.31 I 4.86 I 4.62 I 4.61 I 4.60 
5 I 7.08 5.21 I 4.77 I 4.59 I 4.57 I 4.56 I 
6 I 7.08 I 5.31 I 4.86 I 4.65 I 4.62 I 4.64 I 
7- I 7.37 I 5.41. 1 4.86 I- 4.72 I 4.64 I 4.66 I 
8 I 7.37 I 5.41 I 4.82 I 4.68 4.62 I 4.60 I 
9 I 7.37 I' 5.41 I 4.91 I 4.75 I 4.57 I 4.56 I 
10 I 7.37 I 5.31 I 4.72 I 4.62 I 4.55 I 4.54 I 
Ix I 7.24 I 5.35 4.85 I 4.65 I 
, 
4.62 I 4.61 I 
Cr I 0.144 1 0.068 0.063 I 0.052 10.0*42 I 0.06 I 
I 
% coeff of 
II 
II 
II 
II 
II 
II 
I 
I 
variation I 1.99 I 1.28 I 1.29 I 1.13 I 0.9 I 1.2 I 
This shows the contraves reproducibility to be within 2% when using 
chocolate. 
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Appendix-3: Comparison of Shear Rate Calculations 
Confusion may occur in calculating the shear rate when using a concentric 
cylinder viscometer. Machine software is often designed to use the non- 
Newtonian formula, possibly due to the complexity of the Newtonian form. 
However.: it may be--found that the Newtonian formula is a near 
approximation to the non-Newtonian form for some materials. The following 
investigation will assess whether the Newtonian form is suitable for 
calculations with chocolate. 
When using a concentric cylinder viscometer with non-Newtonian fluids, the 
shear rate should be calculated using equation 2.13, shown below : 
W dlnW (ins)2 d2W (lns)4 d4W 
f (') a[1+ lns +-j 
ins dln21 3W d (ln2'1) 2 45W d (ln2j) 4 
The bracketed term of equation 2.13 is a power series in (ins). 
Most modern concentric cylinder viscometers are constructed with a narrow 
gap between the cup and bob , such that (lns) < 0.2 . This implies that the 
terms with high powers of (lns) are negligible and equation 2.13 becomes: 
Wd 1nW 
f(ý) (1 + In sj 
Ins d1n'1 
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The Contraves Rheomat 115 has the following dimensions: 
Inner Radius - 12.55 mm 
Outer Radius - 13.52 mm 
_> s- Ro/Ri - 1.077 
_> In s=0.074 
Thus the above approximation is valid. 
For Newtonian fluids the term 'dlnW / d21 is unity, so the shear rate 
(equation 2.13) becomes 
W 
f(2'1) a' [1+ ins 1 2.14 
lns 
I 
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Table 4: Data 
Speed IW In W Torque I Shear Stress Iln Shear Stress). 
(Rpm) I II (Nm) I (Pa) I (Pa) 
10 11.047 ý 0.046 I 0.003 I 80.837 I 4.392 ý 
20 12.094 I 0.739 0.005 I 145.541 ( 4.980 
30 3.142 I 1.145 0.008 I 210.097 ý 5.347 
40 1 4.189 1.432 I 0.010 ý 274.653 5.616 
50 15.236 I 1.656 I 0.013 ý 344.838 I 5.843 
60 6.283 I 1.838 ý 0.015 414.714 I 6.028 ý 
70 17.330 1.992 I 0.018 I 479.566 ( 6.173 
80 8.377 I 2.216 0.021 555.393 I 6.320 
90 19.425 I 2.243 I 0.023 I 619.330 I 6.429 ý 
100 110.472 2.349 1 0.025 1 679.011 I 6.521 
By plotting- lnW vs Ln shear stress (Figure 1) the slope is found to be 
1.065 and may be used in equation 2.13. 
ýý 
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Table'5: Comparison of Equations 2.13 and 2.14 for Milk Chocolate. 
Speed I Shear rate (sec-1) ý 
(Rpm) ý Newtonian Non-Newtonian 
10 I 15.133 I 15.267 
20 ( 30.226 J 30.533 
30 I 45.339 I ' 45.780 
40 60.452 I 61.066 
50 I 75.565 I 76.333 ý 
60 ( 90.678 91.599 
70 ý 105.791 I 106.866 ý 
80 I 120.904 I 122.133 
90 I 136.017 I 137.399 
100 I 151.130 I 152.666 
Thus the error seen by using the Newtonian equation is 1%. 
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Appendix 4: Viscosity reduction in a Food Processor 
The machine used was a Crypto Peerless Food Processor. 
Two samples were taken : 
1) Exrefiner (0.7% lecithin content) 
2) Exliquefier (1.3% lecithin content) 
Sample 1 was weighed into the Crypto and processed for 1 hour, under 
hyperventilation. A further 0.6% lecithin was added and the material was 
reprocessed for 10 minutes. 
Sample 2 had been processed in the helical screw liquefier for 70 minutes 
prior to extraction. 
The viscosities, particle size distributions and moisture contents of both 
samples were measured. 
Table 6: Particle Size Distribution and Moisture Content. 
Particle size Moisture 
Sample I Specific I I Content I 
Surýace3areal 
( e 
%90 II 
(%) m Ic )I (um) I 
1I0.9 1 27.7 I 0.9 I 
i 
2I1.0 I 25.0 I 1.2 
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Table 7: Apparent Viscosities 
Sample 
Production I 
_1 
Crypto 
Shear Rate (Sec-') I Apparent Viscosity (Pa. s) 
1.76 I 17.93 
3.52 I 12.36 ý 
3.56 11.62 
7.04 I 9.20 
7.12 ( 8.98 
14.08 I 7.50 
14.24 7.31 
28.16 I 6.58 
28.48 6.45 
56.32 I 6.15 
56.96 I 5.93 
13.29 
9.04 
8.80 
6.65 
6.43 
5.31 
5.15 
4.56 
4.44 
4.06 
4.06 
This demonstrates the ability to further reduce the production viscosity 
by approx 25% (see Figure 2) 
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Appendix 5: Standard Samples 
In order that all variables are known for an experiment it is necessary 
to ensure that all the chocolate has the same ingredients and has been 
processed under identical conditions. Hence 25 kg of liquefied chocolate 
and 25 kg of refined chocolate were obtained from Rowntree, York. The 
material was collected in a split batch 
i. e. 1) Wait until liquefier has emptied 
2) Collect refined material as the liquefier is filling 
(ensure correct roll-refiner is used) 
3) Collect liquefied material as chocolate is pumped to 
storage vessel. 
The refined material has the correct particle size distribution and half 
the required lecithin. The liquefied material contains all the required 
lecithin. 
The lecithin was collected (as it was pumped into the liquefier) and 
weighed, to ensure all variables were known. 
Commercial lecithin is bought in the ratio of 60% pure lecithin: 40% 
parent oil. It is usually obtained from Soya beans. This is diluted 
further to produce a fluid which is easy to handle (lecithin is a very 
viscous material), and to reduce errors (a more dilute liquid allows more 
tolerance during pumping). 
All lecithin is diluted to :- Lecithin 35% 
6 
Cocoa Butter 65% 
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In order to prevent the separation of this mixture, it is pumped 
continuously around a ring mains and when required the appropriate valve 
opens to allow its transfer. This also reduces errors in pumping, since 
the pipes are full of liquid, therefore no air is mixed into the sample. 
The refiner used was a5 roll refiner Carl and Montanari, 1800 cm width. 
The liquefier takes approximately one hour 
stirring. After approximately 3 minutes the 
mixture is then liquefied for 30 minutes. The 
empty. Heat "is generated during liquefyini 
jacket fed with chilled water. The water probe 
kept at about 40°C. 
to fill, with continuous 
lecithin mix is added. The 
vessel takes 30 minutes to 
so the vessel has a water 
is on the outlet water and 
The liquefier impeller is a double helix (helical ribbon on the outside 
and helical screw on the inside). This produces a forced convection effect 
with'material on the outside forced downwards and material on the inside 
forced upwards. 
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Table 8: Liquefier Filling Details 
Time 
I (Min) 
I Choc IN 
I (°C) 
I Weight 
I (Kg) 
I Rpm 
I 
H2O IN ( 
I (°C) I 
H2O JACKET 
(°c) 
0 1 39.8 1 -12 ( 64 1 9.5 I 41 
5 ý 40.8 16 ý 64 1 9.3 I 41 
10 I 41 I 66 163 I 9.4 I 41 ý 
15 ý 42.7 I 170 ý 61 9.9 ý 41 
--20 I 43.4 ý 247 f 60 I 9.9 I 41 
25 I 44.3 I 327 1 59 I 9.3 I 41 
30 I 44.8 I 410 1 59 I 8.8 I 41 
35 I 45.3 I 493 1 59 ý 8.5 I 41 
40 ( 45.7 I 578 1 58 ý 8.3 I 41 ý 
45 ý 46.1 I 656 1 58 ý 8.2 I 41 
50 I 46.4 I 738 1 58 I 8.3 I 41 
55 I 46.7 I 838 ( 59 I 9.7 I 40 
60 I 46.9 I 930 1 59 I 9.7 I 40 
65 I 47.4 I 1055 ý 60 I 9.7 I 40 
70 I 47.6 ý 1117 1 60 I 9.7 I 40 
75 I 48.1 I 1160 1 60 I 9.8 I 40 
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Table 9: Fat Content, Moisture Content and Particle Size Distributions. 
Sample Fat I Particle Size J Moisture 
Content Specific Content 
Surface Area % 90 
0) 1 (%) I (m`/c') I (um) I -(%) 1 
Exliquefier 29.8 ý 
Exrefiner I 29.5 I 
1.14 
1.12 
29.0 I 
ý 28.9 I 
1.5 
1.7 
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Appendix 6: Evidence for particle agglomeration 
A sample of Exliquefier material was assessed in the Contraves viscometer: 
1) An initial flow curve was taken 
2) The sample was sheared for 15 mins at 1008 sec-1 
3) The flow curve was measured 
4) Sample remixed with a spatula 
5) Steps 1-4 repeated 
4 
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Table 10: Viscosity Results 
SAMPLE I ORIGINAL I AFTER SHEAR 
AT 
1008 SEC 
1 
I AFTER 
I REMIX 
II 
AFTER I 
2nd 
SHEAR 
AFTER I 
2nd 
REMIX I 
I 
Shear rate I 
I 
I 
(sec-1) Viscosity (Pa. s) 
12.9 I 5.31 I 4.95 I 4.95 I 3.54 4.60 I 
25.8 I 4.78 I 4.25 I 4.25 I 3.01 I 4.25 I 
38.7 I 4.60 I 4.13 I 4.13 I 2.83 4.01 
51.6 I 4.51 I 3.98 I 3.98 I 2.65 I 3.98 I 
64.5 I 4.53 I 3.89 I 3.89 I 2.62 3.89 I 
77.4 I 4.54 I 3.83 I 3.89 I 2.59 I 3.83 I 
90.3 I 4.50 3.79 I 3.89 2.53 I 3.79 
103.2 I 4.56 I - 3.76 I 3.89 I 2.52 I 3.80 I 
116.1 I 4.52 I 3.73 I 3.85 I 2.52 I 3.73 I 
129.0 I 4.46 I 3.71 I 3.89 I 2.48 I 3.75 I 
Figure 3--indicates that the samples should be remixed after any period of 
shear before a flow curve is measured. 
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Appendix 7: Discussion of Physical Parameters concerning the 
Viscosity of Suspensions(88). 
A general flow curve for all suspensions is shown in Figure 
3.1. An equation predicting the shape of the general flow 
curve is the Sisko-Cross equation(89): 
+k 
where = experimental viscosity (Pa. s) 
Xl = experimental shear rate (sec'1) 
= viscosity at infinite shear rate (Pa. s) 
k= constant (units of time) 
n= dimensionless constant 
Variations, restrictions and assumptions lead to numerous 
other models (see Table 2.2). 
The factors which influence the form of the curve are: 
colloidal forces arising from particle interactions; Brownian 
motion causing a randomisation of particle distribution; 
viscous forces between particles. 
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At rest particles _in 
suspensions are either dominated by 
Brownian motion (where a random disordered state occurs) or 
colloidal forces (attractive forces cause aggregates, 
repulsive forces cause pseudo-lattices). The presence of 
surfactants will modify these structures. Chocolate contains 
the surfactant Lecithin, which prevents the sugar particles 
forming aggregates (see Chapter 5). 
The importance of colloidal forces has been derived by 
Woodcock(90 : 
h15 
[(-3' 
--- + --- 1 
d6 
Where h' = distance between first *neighbours, d= particle 
size, 9S = volume fraction. 
If the particles are repulsed (i. e of the same sign), shearing 
will force them out of their equilibrium position of a lattice 
and induce them to move against the electric fields. 
Goodwin(91) states that the viscosity change due to repulsive 
forces is: 
--- Exp -E-- 
b3 CT 
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where h= Plank's constant, b= centre to centre particle 
separation, E* = Activation energy, C= distance over which 
the electrostatic potential acts, measured from the particle 
surface, T= Temperature. 
Shear thinning will occur if CT/b3 = shear stress. At very 
high shear rates a 2-dimensional layering occurs, and the 
electrostatic contribution looses dominance as the system is 
stable. Following this the viscosity will decrease as 
predicted by the Krieger-Dougherty equation. 
If the particles are electrostatically attracted then flocs 
are formed which may tend to trap part of the continuous 
phase, thus causing an increase in viscosity. 
On shearing the flocs are rotated, deformed, and broken. The 
strand length of flocs is determined by the shear stress. The 
driving force to rebuild the flocs is Brownian motion. 
Brownian motion increases as particle size decreases, thus the 
rate of thixotropic change is a function of particle size. 
If Brownian forces dominate then under low shear rates the 
particles move around each other, involving large resistances, 
resulting in a high viscosity. At higher shear rates -an 
ti 
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orientation of particles occurs, allowing easier movement and 
producing a lower viscosity. As the orientation increases the 
viscosity decreases, thus shear thinning is occurring. However 
if the shear rate passes a critical value the layers of 
particles disrupt, causing the viscosity to rise again. 
The Viscosity of Suspensions of Solid Particles in Newtonian 
Liquids. 
Much research has been carried out concerning dilute 
suspensions 
(>10% phase volume) . The studies extend the work on spheres by 
Einstein where: 
1 
s 
(t+ 2. ) 
where = viscosity of the suspension 
ý-S = viscosity of the suspending medium 
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If the interaction 
__between 
the particles are included then 
higher orders of X are included, according to Batchelor (92): 
1 
17 C 
The maximum packing fraction influences the viscosity of a 
concentrated suspension. The maximum packing fraction is 
dependent on particle shape, and particle size distribution. 
If the particle size distribution is wide the maximum packing 
fraction will be large as the small particles may fit into the 
gaps between the larger particles. For chocolate 
concentrations of 70% are used, enabled by a large particle 
size distribution. Concentrated Newtonian suspensions, where 
higher order terms than 
2are important, are very difficult 
to analyse. Computer modelling and averaging of forces are 
helpful. Ball and Richmond(93) assumed the effect of all 
particles in a concentrated suspension is the sum of the 
effects of particles added sequentially. Hence the Einstein 
equation is written in a differential form: 
a1° (Sj2) dý 
where 
J%-L 
is the increment of viscosity on the addition of a 
small increment of phase volume C(ý to a suspension of 
viscosity = 
382 
The viscosity of the final suspension is then obtained by 
integrating 7S between 0 and 
09 
for which the viscosity is 
ýS and respectively. 
Thus: 
1- L exP ý5712 ý 
However Ball and Richmond(93) recognise the lack of account for 
a particle, in a concentrated suspension occupying more than 
its specific volume, due to the packing difficulties. Hence da 
is replaced by d /(1-K ), where K accounts for the 
packing difficulty. 
Thus: 
ýL = 12, (1 Kýy 
14jo 
This implies that the viscosity is infinite when 
and 1/K may be related to the maximum packing fraction $2 . 
This theory is essentially identical to the Krieger- 
Dougherty(94) formula, who also state the factor (5/2) may be 
replaced by [], the intrinsic viscosity, thus expanding the 
theory to all cases: 
(- 
fý ý 9'A4 
jzýr ) t--. 
ýZml 
383 
N. B. The Ball and Richmond equation and the Krieger-Dougherty 
equation reduce to Einsteins equation when fö is small. 
By examining the Krieger-Dougherty equation the following 
predictions may be made: 
a) Mixing the particle sizes the viscosity may be lowered for 
the same , or the same viscosity may be kept at a higher 
0' 
b) Any deviation from spherical particles produces a higher 
viscosity. For example(s) for discs [t]= 3(axial 
ratio) /10, and for rods []=7 (axial ratios/3)/100. 
c) If the phase volume is less than 30% then the viscosity 
changes slowly with concentration, and the viscosity at low 
and high shear'rates is*the same i. e Newtonian behaviour is 
observed. 
d) If the phase volume is around 50% then small changes in 
phase volume or maximum packing fraction results in large 
viscosity changes and the degree of shear thinning. 
e) All concentrated suspensions will show shear thickening if 
the conditions of phase volume, particle size distribution, 
and suspending medium viscosity, are right. Shear thickening 
usually follows a thinning region, where a 2-dimensional 
arrangement has been disrupted to a random 3-dimensionctl 
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arrangement., 
f) The critical shear rate for the transition to thickening 
varies little with phase volume if this is approximately O. S. 
For a higher value of phase volume the required shear rate for 
the transition 
would be lower, and vice versa. The severity of shear 
thickening is reduced by widening the particle size 
distribution. 
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Appendix 8: The effect of Work Input on Standard Milk 
Chocolate, expressed by the Sisko-Cross Equation. 
A comparison of I4 calculated from the Sisko-Cross equation 
using experimental data from shear input work detailed in 
Chapter 5 has been undertaken, with a view to explain the 
effect work input has on the flow behaviour of chocolate. 
The Sisko-Cross equation (89) may be expressed as follows: 
k 
1, 
where = experimental viscosity (Pa. s) 
= experimental shear rate (sec') 
V 
viscosity at infinite shear rate (Pa. s) 
k= constant (units of time) 
n= dimensionless constant 
For each set of data (chosen to fully illustrate the effect of 
work input) a value of has been determined. This required 
the use of an iterative computer programme to 'best-fit' the 
experimental data, which is given later. The programme was set 
A91\ 
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to run until the error of fit was less than 0.001 or until 
2000 iterations had been performed. 
Results 
Graphs have been generated to illustrate the Sisko-Cross 
equation fit, and to show the change in with different 
levels of work input, and Table 1 shows the Sisko equation 
parameters. 
Table 1: Sisko Equation Parameters, and Error of fit to the 
Experimental Data. 
Standard Milk Chocolate sheared at'129 sec'l. 
Time n k hd Error 
0 0.500 7.140 
4.600 
0.0008 
15 0.506 6.151 4.588 0.0010 
30 0.500 6.140 4.4000 0.0007 
45 0.499 7.724 3.990 0.0010 
60 0.468 6.011 4.363 0.0014 
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Table 1: (Copt) 
Standard Milk Chocolate sheared at 645 sec'1. 
Time n .k a 
Error 
0 0.698 8.750 3.765 0.0015 
15 0.439 9.509 4.349 0.0014 
30 0.400 9.500 4.200 0.0009 
45 0.400 9.500 4.000 0.0006 
60 0.400 10.500 3.950 0.0005 
Standard Milk Chocolate sheared at 903 sec'1. 
Time n k ll. 
d 
Error 
0 0.581 10.372 4.319 0.0033 
15 0.361 11.200 4.200 0.0003 
30 0.350 11.062 3.900 0.0005 
45 0.3600 11.200 3.930 0.0002 
60 0.3400 11.200 3.950 0.0004 
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Discussion 
As shown in Table 1 the error, of fit of the Sisko equation to 
the experimental data is less than 0.003, as calculated by the 
computer programme. This would indicate the Sisko equation is 
acceptable for use with this type of chocolate. 
The graphs 1 to 5 (shear at 129 sec') show a very good fit. 
When comparing the ýý (Graph 6) the optimum process time at 
129 sec" is 45 mins, after which an increase in t. -e 
is seen. 
The comparison of Sisko curves (Graph 7) also shows 45 mins 
to be the optimum process time at 129 sec'1. 
The graphs 8 to 12 (shear at 645 sec") also show a very good 
fit. Comparing the h (Graph 13) an optimum process time of 60 
rains (or possibly greater) is seen. 
Examination of (Graph 20) indicates that a process time of 30 
mins is optimum. 
By comparing the minimum It.! (Graphs 6,13,20) at each 
processing shear rate, the lowest is seen after processing at 
903 sec'' for 30 rains. However shearing at 645 sec's gives-ja 
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more consistant drop in ý4 . 
From these further observations made using the Sisko equation 
to model the data obtained from high shear studies of 
chocolate, the following points about the structure of 
chocolate may be concluded: 
Chocolate has a basic structure of loose flocs and strongly 
associated aggregates. Work input disassociates the loose 
flocs initially and as the shearing becomes more intense the 
aggregates break down into their constituents. This has the 
effect of reducing the viscosity initially until a critical 
point where the viscosity starts to increase again due to a 
lack of continuous medium. The loose flocs are likely to be 
cocoa cellular material'and milk solids. The stronger bound' 
aggregates are more likely to be sugar particles. The 
continuous material are the fats from the cocoa butter, 
emulsifiers and milk fat. 
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Computer Programme 
, 
to fit the Sisko-Cross equation to 
Experimental Data. 
This programme was rewritten into C format by Mr R. J. Cryer, 
following the supply of the original programme in Fortran by 
Unilever Port sunlight which the author did not have the 
facility to run. 
#include<stdio. h> 
#include<math. h> 
#include<string. h> 
int compare(int *pl, int *p2); 
double fnc(double vec[], struct file format *data_ptr); 
void readfile(FILE *handle, struct file_format *data_ptr); 
void vector(struct file format *data_ptr, int rating[], double 
replacement variable[]), * 
void swapin(double new_vec[], double error, int rating struct 
file format *dp); 
double newvec (double rep vec[], float factor , struct file_format *dp, int rating[]); 
void cntract(float factor, struct file_format *dp, int 
rating[]); 
int nvar=3, nvert=4; 
doub1e 
vec[4], replacement var[4], newerror, shrink[4], shrink_error; 
double expand[4], expand_error, error[4]; 
struct file 
- 
format( 
int ndata, iflag, idflag; 
int ichk, imodel, ierrchk; 
float errchk, iguess, visfac; 
char mtitle[128]; 
double x[1000], y[1000]; 
double simp[5][5], lb[4], ub[4], step[4]; 
main(int argc, char *argv[]) 
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{ 
FILE *stream, *outfile; 
char filename[15], *p; 
static struct file_format inputfile; 
int i, j, its=O, ict=O, rating[4].; 
f10at 
alpha=2.0, beta=0. l, gamma=3.0, errchk, visfac, iguess, factor; 
if (argc<2) 
{ 
printf("\n\tPlease quote filename on the command line 
\n"); 
exit (9); 
if((stream=fopen(argv[1], "r"))==NULL) 
exit(1o); 
strcpy(filename, argv[1]); 
p=strchr(filename, '. '); 
strcpy(++p, "rob"); 
if ((outfile=fopen (filename, "w") )==Ni1LL) 
exit(11); 
readfile(stream, &inputfile); 
for(i=1; i<nvert; i++) 
" for(j=0; j<nvar; j++) 
inputfile. situp[i][j]=inputfile. simp[0][j); 
for(i=O; i<nvar; i++) 
inputfile. situp[i+1][i]=inputfile. simp[0][i]+inputfile. step[i]; 
/* initialize errors */ 
for(i=o; i<nvert; i++) 
for(j=0; j<nvar; j++) 
vec[j]=inputfile. simp[i)(j); 
error[i]=fnc(vec, &inputfile); 
rating[i]=i; 
do 
gsort(rating, nvert, sizeof(int) , compare); /* Quick Sort Smallest '. 
403 
first */ 
ict++; - 
if((ict%inputfile. ichk)==0) 
ýprintf("\n\tBest so far after %d 
iterations .... \n\n", ict); ,- 
printf("Best error\t%lf\n", error(rating[0]]); 
printf("2nd Best error\t%lf\n", error[rating[1]]); 
printf("3rd Best error\t%lf\n", error[rating(2]]); 
printf("Worst error\t%lf\n", error[rating(3]]); 
printf("\n"); 
for(j=0; j<nvar; j++) 
for(i=0; i<nvert; i++) 
printf("%lf\t", inputfile. simp[i](j]); 
printf ("fin") ; 
if (kbhit() ) 
ict=2000; 
vector(&inputfile, rating, vec); 
newerror=newvec(replacement_var, alpha, &inputfile, rating) 
if(newerror<error[rating[0]])/* Best Error 
t 
expand_error=newvec(expand, gamma, &inputfile, rating); 
if(expand error<error[rating[0]])/* Best Error */ 
swapin(expand, expand_error, rating, &inputfile); 
else 
swapin(replacement_var, newerror, rating, &inputfile) 
else 
{ 
if(newerror<error[rating[3)]) /* Worst Error */ 
el 
swapin(vec, newerror, rating, &inputfile); 
se 
; shrink _error=newvec(shrink, 
beta , &inputfile, rating) if(shrink error<error(rating[3]]) /* Worst Error */ 
swap in(shrink, shrink error, rating, &inputfile); 
else 
cntract(beta, &inputfile, rating); 
} 
while((error[rating[0]]>inputfile. errchk)&&(ict<500)); 
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/* Output Results */ 
for(i=0; i<nvar; i++) 
fprintf(outfile, "%lf\t", inputfile. simp[rating[0]][i]); 
fprintf(outfile, "elf", error[rating[0]]); 
fcloseall(); 
)/* End Main */ 
/* Test for Quick Sort Algorithm */ 
int compare(int *pl, int *p2) 
( 
if(error[*pl]<error[*p2]) 
return(-1); 
else if(error[*pl]>error[*p2]) 
return(1); 
else 
return(0); 
} 
/* Calculates the Total Error of the Current Curve Fit to the 
Data */ 
double fnc(double vec[], struct file_format *data_ptr) 
{ 
double feta, f, error_sum=0.0; 
int i; 
for(i=0; i<data_ptr->ndata; i++) 
{ 
if(data_ptr->x[i]<10) 
continue; 
feta = vec[2]+(vec[1]*pow(data_ptr->x[i], (vec(0]-l))); 
error sum += pow((log10(data_ptr->y[i]/feta)), 2); 
} 
return(error sum); 
void vector(struct file format *data ptr, int rating[], double 
new vec[]) - 
int i, j; 
for(i=0; i<nvar; i++) 
new vec[i]=0.0; 
for(j=0; j<nvar; j++) 
new vec[i]+=data ptr->simp[rating[j]][i]; 
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new_vec[i]=new vec[i]/nvar-data ptr->simp[rating[3]][i]; 
} 
void readfile(FILE *handle, struct file format *data_ptr) 
int i; 
fscan f( hand1e, "% d%d 
%d", &dataptr->ndata, &dataptr->iflag, &data_ptr->idflag); 
fscan f( hand1e, "% d%d 
%d", &data_ptr->ichk, &data_ptr->imodel, &data ptr->ierrchk); 
fscan f( hand1e, "% f%f 
. %f", &data_ptr->errchk, &data_ptr->iguess, &data_ptr->visfac); 
fscanf(handle, " %[^\n]", data_ptr->mtitle); 
fscanf(handle, " -*[^\n] -*[^\n]"); 
for(i=0; i<data ptr->ndata; i++) 
fscan f( hand1e, "% 1f%1f %* f 
%* f" , &data ptr->x [i], &data_ptr->y [i ]) ; for(i=0; i<nvar; i++) 
fscanf (hand 1 e, " %1f%1f%1f 
elf", &data ptr->simp[0][i], &data ptr->ib[i], &data_ptr->ub[i]- 
, &dataj, tr->step[i]); 
void 'swapin(double new_vec[], double new_error, int 
rating[], struct file_format *dp) 
i int i; 
for(i=0; i<nvar; i++) 
dp->simp[rating[3]][i]=new vec[i]; 
error(rating[3]]=new error; 
double newvec(double rep vec[], float factor, struct file_format 
*dp, int rating[]) 
int i; 
for(i=0; i<nvar; i++) 
rep vec(i]=dp->simp[rating[0]][i]+factor*vec(i]; 
return(fnc(rep vec, dp)); 
void cntract(float factor, struct file format *dp, int rating[j) 
{ 
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lnt i, j; 
for(i=1; i<nvert; i++) 
{ 
for(j=0; j<nvar; j++) 
dp->simp[rating[i]][j]+=factor*(dp->simp[rating[O]][j]-dp->s 
imp[rating(i]][j]); 
error[rating[i]]=fnc(dp->simp(rating[i]], dp); 
ti 
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